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INTRODUCTORY REMARKS 


Benson R. Sundheim 
New York University, Washington Square College, New York, N.Y. 


In the last few years, research activity on molten salts has increased so 
rapidly that we can now recognize a rather well-defined field. There is a 
nucleus of generally recognized problems; there are also some broad con- 
ceptual frameworks in terms of which experiments are interpreted and a 
number of specialized techniques. Moreover, many distinguished scientists 
devote a large part of their time to molten-salt experimentation, as the 
list of contributors to this monograph shows. 

Scientific interest in molten salts stems from several sources. As meth- 
_ ods for working at high temperatures evolve, the possibility of progressively 

extending previous studies into new temperature ranges presents itself. 
Thus there is a certain challenge to carrying out viscosity, X-ray diffraction, 
and other measurements on very hot systems. Molten salts offer an op- 


_ portunity to study concentrated electrolytes without the annoying interfer- 


ence by small amounts of dipolar materials such as water. There is a whole 
new chemistry in molten-salt systems, one characterized by different se- 
quences of the oxidation potentials, solubilities, and stability constants. A 
number of special situations occur in molten salts, making possible experi- 
ments that cannot be done in other systems. The study of molten salts 
leads to the discovery of difficulties in such concepts as transference num- 
bers, complex ions, and quantities of transport. The unique systems com- 
posed of metals dissolved in molten salts, in addition to their intrinsic in- 
terest, provide unusual testing grounds for theories of liquid metals, 
solubility parameters, metallic bonding, and molecular structure. Prob- 
_ ably the most powerful motive that leads scientists to work in this field is 
_ the exotic nature of molten salts. 

The papers presented in this monograph are products of the results of 
recent research exclusively. Limitations of time precluded the inclusion 
of review articles or of material dealing with technological applications. 
Some of the papers deal with methods of studying the structure of molten 
salts by such techniques as X-ray diffraction, mass spectrometry of the 
vapor, and optical absorption spectrometry. Considerable attention is de- 
voted to activities in simple molten-salt mixtures, from both experimental 
and theoretical points of view. There are papers on transport properties, 
electrode potentials and kinetics, and the properties of metal-molten salt 
systems. 

Taken as a whole, the contributions to this monograph give a good pic- 
ture of the current degree of sophistication in this field and of the directions 
in which research is being pressed. It is to be hoped that this report will 
raise at least as many questions as it settles. 
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X-RAY AND NEUTRON DIFFRACTION STUDIES OF 
MOLTEN ALKALI HALIDES 


H. A. Levy, P. A. Agron, M. A. Bredig, M. D. Danford 
Chemistry Division, Oak Ridge National Laboratory,* Oak Ridge, Tenn. 


INTRODUCTION 


The study of structure in molten alkali halides by X-ray and neutron 
diffraction has been undertaken as part of a general investigation of the 
properties of molten salts. A previous X-ray study by Lark-Horovitz 
and Miller” yielded information concerning molten LiCl and KCl, and 
recent papers by Zarzycki**® have presented results for LiCl, KCl, NaCl, 
LiF, NaF, and KF, as well as for BaCl,, CaF, , and vitreous SiO. and 
GeO.. Two alkali nitrates, KNO; and NaNO;, have been investigated 
by Danilov and Krasnitskii.’ 

The complex nature of liquids precludes the possibility of deriving un- 
ambiguous, detailed descriptions of their structures from diffraction data, 
in the sense that is well known in the cases of gases and crystalline solids. 


In the latter cases, the complexity of the system is limited: in gases by the 


wide separation of discrete molecules and, in crystals, by the periodicity 
of structure; the number of independent data yielded by diffraction methods 
is sufficient by and large to establish the parameters needed for description 


of their structures. On the other hand, the task of describing the atomic — 


structure of a liquid is in itself not unambiguously defined, since the num- 
ber of atoms or molecules whose relations must be specified is limited in 


principle only by the size of the sample studied, and no observational — 


method is capable of supplying data sufficient for this task. 

Nevertheless on a more modest level, diffraction studies can furnish 
useful information about the atomic structure of liquids. This informa- 
tion is usually provided in the form of a pair radial distribution function 


(RDF), giving the probability that pairs of atoms are to be found separated — 


by a given distance. From the form of the RDF, more detailed descrip- 
tions sometimes may be inferred. It is this sort of description that the 
present study has developed for certain molten salts. 

A novel feature of the present study is the simultaneous use of neutron 
and X-ray diffraction data. Because the scattering processes of atoms for 
neutrons are usually quite different from those for X rays, this combina- 
tion of observational methods offers the possibility of resolving some of the 
ambiguity inherent in each method alone. 


* Operated by the Union Carbide ap Winn eo New vores N.Y., for the United 
States Atomic Energy Commission, Washington, D 
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EXPERIMENTAL 


X-ray Data 


Apparatus. All X-ray diffraction patterns were measured by counting 
methods with a spectrometer’ specially designed for liquid studies. This 
instrument, which will be reported separately, employs the Bragg-Bren- 
tano para-focusing arrangement with a stationary, horizontal sample 
surface. The X-ray source and detector assembly rotate in opposite 
sense about an axis lying in the sample surface. Radiation accepted by 
the receiving slit is monochromatized by reflection from the (200) planes 
of a bent and ground crystal of NaCl, and counted by a Na(TI)I crystal 
scintillation counter. A single-channel pulse analyzer rejects pulses 
corresponding to half wave length or shorter radiation. The source is a 
Norelco Mo target tube operating at 50 kv. and 20 mAmp., both voltage 
and current being automatically stabilized. 

An evacuated furnace and sample carrier equipped with beryllium foil 
windows for passage of the X-ray beam was placed within the circle of 
travel of the X-ray source and receiving slits, coaxial with the spectrom- 
eter. The sample was usually in the form of a shallow pool of liquid, 
about 2.5 cm. square, and was contained in a tray of polished MgO or Pt. 
The space immediately surrounding the sample was enclosed by a thin 
shell of Be and filled with He at a pressure of several centimeters. In an 
alternate technique, the sample was held in a half-filled vitreous silica 
cylinder with integral uniformly ground window 0.010 in. thick to provide 
for passage of X rays. This procedure, because the sample was highly 
stable against creep and evaporation, proved especially valuable for ob- 
taining diffraction data at high temperatures at large scattering angles. 
A eylindrically wound resistance heater surrounded the sample container. 
Radiation shields of Mo foil, with slots for passage of the X-ray beams, were 
placed between the heater and the vacuum jacket. Full details of the 
arrangement will be reported in another paper. 

Measurement procedure. At small incidence angles, 6 less than 12°, the 
scattered intensity was measured by means of a recording ratemeter, while 
the incidence angle was advanced continuously at a rate of 1° every 32 
min. (time). At larger angles, measurements were made at stationary 
settings, at intervals in @ of 14° or 1°, until a preset number of counts of 
scattered X rays had been accumulated; this number (up to 50,000) was 
chosen so that the error due to counting statistics in the reduced, sharpened 
intensity function was held roughly constant throughout its principal 


region. The primary beam was limited by divergence slits (16°, 46°, 1°, 


2°, or 4°) in the usual manner, depending on the incident angie. 


The intensity at selected scattering angles was remeasured from time 
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to time during the collection of data from a given sample in order to detect 


and correct any instability, such as creep or evaporation of the sample, — 


in the arrangement. The background, always very small, was measured 
with the sample in place and with a shutter over the receiving slit. 

A measurement of Compton scattering at a large scattering angle was 
made, filtering first the primary beam and then the scattered beam through 
0.004 in. of Zr foil, taking the difference in scattered intensity, and nor- 
malizing to the unfiltered level. The Compton scattering at other angles 
was computed by a semiempirical procedure that takes into account the 
shape of the exciting spectrum, the resolution function of the monochro- 
mator, and the theoretical Compton function for the sample under study. 
Details will be given in another article. 

Reduction of data. The various measured counting rates were corrected 
for background and normalized to a consistent slit size and, sometimes to 
a standard intensity level; replicate measurements were averaged. The 
usual polarization correction for monochromatic radiation was then applied, 
and the intensity of Compton scattering was subtracted. 

The absolute scale of intensity was established in the usual way by 
normalizing the high-angle portion to the theoretical independent atomic- 
scattering function for the sample. Dispersion-corrected functions were 
used when appropriate.” 

The several steps in the treatment of the X-ray data are illustrated in 
FIGURE | for the case of molten LiCl. In the main, upper part of the 


figure are plotted (open circles) the observed scattered intensity after — 


subtraction of background, normalization to standard slit size, and correc- 


tion for Compton scattering and polarization. Below this the Compton — 


intensity is plotted. The dashed line represents the theoretical indepen- 
dent atomic-scattering function derived, in this case, from Hartree-Fock 
values for Lit and Cl’. At the bottom of the figure is the reduced, sharp- 
ened intensity curve. The inset shows the pair RDF given by EQUATION 6. 


Fiaures 2 and 3 show the X-ray intensity curves for the other molten 
salts studied. 


Neutron Data 


Apparatus and measurements. All neutron measurements were made 
with a neutron spectrometer and furnace already described.” The samples 
were precast in vitreous silica tubes and transferred in a dry atmosphere 
to thin-walled (0.010-in.) vanadium cylinders that were welded shut and 
mounted in the furnace. The scattered intensity was measured by means 
of a recording ratemeter, with scattering angle 20 advancing at 2° per hour. 
Since normal lithium is highly opaque to neutrons (because of capture in 
Li’), lithium chloride containing 99.9 atom per cent Li’ was employed. 

Reduction of data. Scattering due to the furnace and empty vanadium 
cylinders was directly measured, corrected for absorption in the sample, 
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and subtracted from the scattered intensity. The remaining intensity 


7 


i 


was assumed to consist of two components: the desired coherent single — 


scattering, and an isotropic contribution from nuclear diffuse processes and 
multiple collisions. The level of the former at a high scattering angle was 
estimated in the following way. 


X-RAY INTENSITY CURVES FOR MOLTEN 
Lil, LiBr, NaI, AND KCI 


INTENSITY , electron units 
INTENSITY, cpm 


OF al 2.5. A Oe Ore Om oO saa ont on et 
$= 4 S08 


Fiaure 2. Observed-intensity curves for Lil, LiBr, Nal, a i 

‘ erved nd KCl by X- - 

dear erate gs: ee eet curves are indicated by citelent om 
5 , al, empirical valu i ; 

Nem ne aes Ul aed ; aS e erived by the method of Krogh-Moe!® and 
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The total scattered intensity Ir is proportional to the total scattering 
cross section, o, , of the sample reduced by a factor, A(c.), representing 
capture of neutrons in the sample: 


eh NS (1) 


The coherent part is proportional to the coherent part of the scattering 
cross section, ocon, reduced by all processes, capture or scattering, that 
remove neutrons from the beam: 


gots = koeon Ala. + Gs) (2) 
3000 X-RAY DIFFRACTION PATTERNS ~ see 
FOR MOLTEN CESIUM HALIDES’ 
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Pavan 3. Intensity curves for molten CsCl, CsBr, and CsI by X-ray diffraction. 
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* The ratio - as 
Ieon/I 2 a (ccon/Os) [A(o- + a;)/A(c): (3) 


iven by quantities that can be determined, indicates how the high-angle 
intensity should be divided between coherent and assumed isotropic com- 
ponents, and subtraction of the latter leaves an estimate of the desired 
coherent part. Atomic cross sections’® employed in these studies are listed 
in TABLE 1. 

In each case, the attenuation of a narrow beam of neutrons through 
the sample was measured and agreed with the attenuation computed from 
the cross sections. The coherent intensity was expressed on an absolute 
scale by nomalizing to the theoretical independent atomic scattering in 
the usual manner. Observed intensity curves for Li’Cl, CsBr, and KCl 
are shown in FIGURE 4. The static approximation” (neglecting the 
change in energy of the neutron on scattering) was employed throughout. 


TABLE 1 
Nuciear Cross Sections! ror NEUTRON DIFFRACTION STUDIES 


Atom Ccoh os Tcap f 

Li’ 0.8 1.4 0 —0.25 
Cl 12.1 16 18.6 0.98 
K 1.5 es 1.16 0.35 
Cs 3.0 6 17 0.49 
Br 5.7 6 3.9 0.67 


ANALYSIS OF Data 


- Complete details of the treatment of the coherent-intensity function 
will be given in a separate publication. The interatomic part of the 
coherent intensity (already normalized for a chosen stoichiometric unit) 
is obtained by subtraction of the independent atomic scattering, >>; f(s), 
which, for the neutron case, is a constant. A reduced-intensity function, 
illustrated in FIGURE 1 (bottom), is obtained from 


si(s) = s{I(s) — Dis f?(s)|M(s) (4) 


where the summation is over the atoms in the stoichiometric unit, I(s) is 
the normalized observed intensity, and s = (47/)) sin 0. 

The “modification function” M(s) is included to sharpen the distribution 
function to be obtained by Fourier inversion,” in effect removing some of 
the breadth arising in the X-ray case from the characteristic electron 
distribution of the atoms. In the present X-ray work, the function 


M(s) = [Defi(O)/ Defi)? (5) 


was used, with the summation being over the stoichiometric unit of com- 
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position and f;(0) the value of the form factor for atom i ats = 0. F or 
the present neutron work, M(s) = 1 was found satisfactory. 
The RDF associated with the Fourier transform of si(s) is 


D(r) = 4ar’p) + (2r/7) ‘ae si(s)M(s) sin sr ds (6) 


400} NEUTRON DIFFRACTION PATTERNS FROM MOLTEN ALKALI HALIDES 


INTENSITY, cpm 


Ae) 


i ion i i i7Cl, CsBr, and KCl. 
GurRE 4. Neutron diffraction intensity curves for Molten Li’Cl, ; 
Positions of the theoretical independent atomic scattering (upper line) and multiple 
and incoherent scattering are indicated by dashed lines. 


where po is the average scattering density of the sample in electron units 
(given by the square of the number of electrons per unit volume). The 
function D(r) represents a superposition of modified atomic pair distri- 
bution functions for the various kinds of atom pairs. The modification 
inherent in EQUATION 6 of a given pair distribution function p,, is expressed 
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by” 


Dulr) = 4ar [ upnlu)Talu — 1) du (7) 
with 


Ty(r) = (1/m) [> f;(s)fz(s)M(s) cos sr ds (8) 


f; and f, being the form factors for atoms of kind j and k. The function — 
T ix(r) can be visualized as a shape function into which a sharp pair dis- — 
tribution is transformed by the combined effects of the inherent electron — 


distribution and treatment of the data. 


Tue INTERPRETATION OF RADIAL DISTRIBUTIONS FOR BINARY SYSTEMS 


The distribution functions presented in FIGURES 1, 5, 6, and 7 may be — 


described as superpositions of averaged, sharpened, and weighted distri- 
butions of interactions of three kinds: M*X_, M*M*, XX. Here M* 
and X refer to the cations and anions making up the sample. The weight- 
ing refers to the differences in X-ray or neutron scattering power of differ- 
ent atoms, and its presence is implicit in the data. Thus, a peak in an 
X-ray distribution function representing one pair of atoms at a given dis- 
tance will have an area proportional to the product of the numbers of 
electrons contained in these two atoms. Similar considerations apply to 
distributions derived from neutron data. It follows that, in order to 
derive a number of interactions from a peak appearing in an RDF, the 
nature of the interaction must be assumed first (from considerations apart 
from the diffraction experiment). In the case of the molten salts, the 
reasonable assumption has been made that the interactions at shortest 
distance represent atom pairs of unlike charge, and that those following 
at longer distance represent atoms of like charge. This presumption has 
been confirmed directly by neutron data in the case of Li‘Cl, as will be 
shown in the following section. 

The term ‘‘sharpened”’ refers to the feature of the X-ray data reduction 
process that is concerned with the breadth of the electron shells of the 
atoms making up the sample substance. Because it is the electrons that 
scatter X rays, a simple interpretation would yield a RDF for electrons. 
Since the electron distribution of individual ions is relatively well-known, 
an analysis into atom pairs could, in principle, be carried out. A simpler 
procedure, however, is to incorporate a partial analysis into the data re- 
duction process; the measured scattering function is converted into that 
which would be given by atoms sharpened in a known way. This modifica- 
tion can be represented graphically by a computed peak shape correspond- 
ing to a given pair distribution, and this can be compared to the experi- 
mental function. ‘This procedure has been followed throughout this paper. 
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Fieure 5. RDFs for LiBr, Lil, NaI, and KCl by X-ray diffraction, showing 
standard synthetic peaks and boundaries by which co-ordination numbers were ob- 


tained. 
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One other feature of the RDF must be borne in mind: in general, unlike 
the case of a simple crystal, all atoms of a given “kind” are not structurally 
equivalent in an instantaneous configuration. It follows that the RDF 
must be regarded as the average (over a volume that is large compared to 
atomic dimensions) of the actual instantaneous distribution. Thus, for 
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Fiaure 6. RDFs for CsCl, CsBr, and CsI by X-ray diffraction. 


example, the appearance of a first peak with area corresponding to four 
neighbors does not imply that all, or even necessarily any, atoms in the 
sample have exactly four neighbors at the given distance. 


Discussion OF THE RADIAL DistRIBUTION FUNCTIONS 


The RDFs for the molten salts studied will be examined in the light of 
the foregoing general discussion. In each case, the curve is nearly flat 
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at zero value for short distances, followed by one or more broad, incom- 
pletely resolved peaks at distances comparable with atomic diameters. 
At longer distances, peaks become less prominent, and the-curves approach 
the parabola, 47r’pp , corresponding to the distribution of a uniform fluid 
with the average scattering density of the sample. 


RADIAL DISTRIBUTION FUNCTIONS 
FOR MOLTEN Li’Cl, CsBr, AND KCI 
BY NEUTRON DIFFRACTION 
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Li-Li+Cl-Cl 
8.3 neighbors | 
centered at 3.80A 


ane, . barns/& 


K-CGl 3.5 neighbors 
centered at 3.10 
7.4 neighbors 
between 3.45A 
& 4.95 


4.7 neighbors 
centered at 3.55 
\Cs-Cs+Br-Br 7.9 neighbors 
| _ between 44 


&5.6A 


r,A 


Figure 7. RDFs for molten Li’Cl, CsBr, and KCl from neutron diffraction data. 
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Resolution of the curves into discrete pair distributions is seen to offer 
difficulty. We have adopted the arbitrary practice of bounding the peaks 
with vertical lines drawn at the minima of the total function. No great 
change in the derived peak areas would result if resolution into error-type 
components were attempted. 


It is noteworthy that the kernels of all the Fourier integrals, including — 


the sharpening functions, were quite well converged at the limit of the 
experimental data. Therefore little error should be introduced because 
of the finite range of measurements. By the same token, the considerable 
breadth of the features of the radial distribution function can be ascribed 
to the physical nature of the sample and not to the limited resolution of the 
measurements. 

The synthetic peaks shown with the RDF curves correspond to Gaussian 
distributions of atomic pairs. ‘They were computed from 


Px(r) = (N/z) le fi(s)fe(s)e M(s) cos rs ds (9) 


The parameter a was chosen to correspond to full widths at half height of 
the underlying Gaussian distribution between 0.56 and 0.76 A, as required 
to yield well-converged integrals. The constant N corresponds to the 
number of neighbors indicated in the figures. 


The Closest Approach 


Each curve shows a well-defined first peak following a nearly flat section, 
representing the minimal distance of approach of atoms in the sample. 
That this approach is between anions and cations is confirmed by com- 
parison of the results of X-ray and neutron studies for LiCl. Since the 
scattering factor of Li’ for neutrons is negative, while that for Cl is positive, 
the “peak” representing the Li’-Cl interaction for neutrons should be 
negative; the first peak of FIGURE 7 is indeed negative, while that in FIGURE 
1 for X rays is positive at about the same distance. 

TABLE 2 summarizes the observations on the short-distance interactions 
for the 8 salts studied, in each case interpreted as an M*X~ approach. 
It must be emphasized once more that, in view of the great breadth of the 
peaks (~0.5 A full breadth at half height), the significance of the distance 
at the peak maximum is that of the most frequent one only; however, 
intercomparision of these peak distances and correlation with those in the 
crystals is none the less of interest. It will be seen that this “most fre- 
quent” distance is up to 0.28 A shorter than the corresponding distance 
in the solid at the melting point and, in fact, is somewhat shorter than that 
in the solids at room temperature. 

The breadth of the first peak shows that ion pairs are to be found sig- 
nificantly closer (and also more widely separated) than the most frequent 
separation. The “shortest distances” are comparable to those found in the 
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monomeric vapor molecules. In TABLE 3, these gas distances!” are com- 
pared with the distances read from the leading edge of the first RDF peaks 
at one quarter maximum height. 

The numbers of neighbors, as derived from the peak areas, are also 
subject to considerable uncertainty because of the impossibility of estab- 


TABLE 2 
CaTIoN-ANION DisTANCES AND CooRDINATION IN MOLTEN AND CRYSTALLINE SALTS 


Liquid Solid* 
; mp. | Room temp. 
Distance (A) No Methodt Distance (A) No. rieree (A) 
LiCl 2.47 4.0 x 2.66 6 2.57 
2.45 3.5 N 
LiBr 2.68 5.2 x 2.85 6 2.75 
Lil 2.85 5.6 XG 3.12 6 3.00 
Nal 3.15 4.0 XG 3.39 6 3.23 
KCl 3.10 Bal x 3.26 6 3.14 
3.10 3.5 N 
CsCl 3.53 4.6 x Sak 6 (3.47) 
(3.70) 8 3.070 
CsBr 3.55 4.6 a (3.72) (6) (3.62) 
3.55 4.7 N 3.86 8 3.0L 
CsI 3.85 4.5 xX (3.94) (6) (3.83) 
4.08 8 3.95 


* Values for metastable forms (parentheses) were calculated from molar volumes 
estimated by Johnson e¢ al.18 
{ X represents X-ray diffraction; NV, neutron diffraction. 


TABLE 3 


ComPpaRIsON oF SHORT CaTION-ANION Distances IN MouTeN Satrs, 
WITH CORRESPONDING DISTANCES IN GASES 


Distance Liquid (A)* Gas (A)t 
Li-I 2.48 2.39 
Na-I 2.70 Dea 
K-Cl 2.69 2.67 
Cs-Cl 3.03 2.91 
Cs-Br 3.14 3.07 
Cs-I 3.3 3.32 


* Obtained arbitrarily from the value of r at one quarter peak maximum. 
+ Obtained from microwave results.19*1 


lishing a unique resolution from longer interactions. It is striking, how- 
ever, that these “coordination numbers” are relatively low, ranging from 
about 3.5 to 5.6 as compared with 6 or 8 in crystals. 


The Second Interaction 


The second interaction peak is usually less well defined than the first. 
It is most prominent in Lil, most obscure in CsI; this variation is, at least 
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partly, a consequence of the relative magnitudes of the scattering factors. 
Tasie 4 lists the most frequent distances for this interaction, and the 
coordination numbers based on areas interpreted as composite M + mt 
and X-X interactions. It will be seen that these distances are com- 
parable to and usually somewhat greater than the corresponding distances 
in the solid at the melting point. Again the great breadth, particularly 
to the long-distance side, shows that a great variety of individual configura- 
tions occurs. The estimated numbers of neighbors vary from 7 to 12; 
however, it should be remembered that these occur over a band nearly 2 
A wide and that, for this reason, great caution is required in their interpre- 
tation. 


TABLE 4 


ANION-ANION OR CaTION-CATION DISTANCES AND COORDINATION 
In MOLTEN AND CRYSTALLINE SALTS 


Liquid Solid* (m.p.) 
Distance (A) No. Methodt Distance (A) No. 
LiCl 3.85 12.0 AG 3.76 12 
3.80 8.3 N 
LiBr ALT? 12.8 3.6 4.03 12 
Lil 4.45 ii es: ».¢ 4.41 12 
Nal 4.80 8.9 xX 4.74 12 
KCl — <12 oe 4.61 12 
~A.7 T.4 N 
CsCl 4.87 ak xX 5.05 12 
(4.27) (6) 
CsBr ~5.4 8.3 ae (5.26) (12) 
~5.2 7.9 N 6 
CsI ~5.5 22 Bs (5:57) (12) 
2 


: * Values for metastable forms (parentheses) are those estimated by Johnson et 
a 18 


{ X represents X-ray diffraction; N, neutron diffraction. 


Longer Interactions 


All the radial distribution curves show continued fluctuations at dis- 
tances beyond the second peak. Since these are most prominent in the 
lithium salts, where the greatest distinction in scattering factors exists, 
some degree of charge-ordering extending to 10 A and beyond is suggested. 
The RDF for Li‘Cl, based on neutron diffraction, also shows these long- 
range fluctuations in a striking manner. However, since errors in the 
Fourier analysis may be expected to become important at longer distances, 
no detailed consideration of these fluctuations is attempted. 


COMPARISON OF X-Ray anp Neutron Resuuts 


Although the interpretation of the neutron data involves uncertainties 
inherent in the static approximation, it seems likely that the main features 


= Oa 


RD AO tI lr 
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of the neutron RDF are valid. It has already been pointed out that the 
first peak of Li’Cl confirms that this is an interaction of type M*X” and 
implies the validity of this interpretation in the other systems. The agree- 
ment between neutron and X-ray methods as to distances and neighbor 
numbers is also considered to be satisfactory. Although, in principle, it 
may be possible to combine the two results to obtain a more detailed resolu- 
tion of the various interactions in LiCl, in view of the uncertainties no such 
attempt has been made. 

Neutron measurements are also presented for CsBr. In this case it 
happens that the ratio 


fos meta = fer) 


has very nearly the same value for neutrons and X rays, so that for CsBr 
no distinction between M*-X and composite M‘-M*, X--X~ interactions 
can be made by comparing the two measurements. The striking similarity 
shown in FIGURES 6 and 7 of the X-ray and neutron RDF curves for CsBr 
arises from the equality of these ratios and, incidentally, lends credence to 
the neutron results. By use of the neutron X-ray comparison, however, 
it is possible to distinguish Cs‘-Cs* from Br -Br_ interactions, since Br_ 
is the stronger scatterer for neutrons and Cs* the stronger for X rays. 
Thus, a Cs*-Cs* peak should be enlarged in the X-ray curve as compared 
with the neutron curve, while the reverse should occur for a Br -Br_ peak. 
Examination of the details of the second peaks from this point of view 
suggests that the Cs*-Cs* interaction may tend to occur at a Shorter sepa- 
ration (~4.7 A) than does the Br -Br interaction (~5 A); however, 
the effect is quite small. 

Comparison of neutron and X-ray distributions for molten KCl also 
shows good agreement between the two methods. In this case, the Cl -Cl™ 
interaction for neutrons is more important than K*-K*. However, little 
new information appears to be available. 


CoMPARISON WITH PREVIOUS RESULTS 


X-ray studies of two of the salts studied by us, LiCl and KCl, have been 
reported by other investigators, Lark-Horovitz ait Miller’ and Zarzycki.” 
Both former studies are based on photographically recorded intensity 
data. 

The RDF resulting from the Lark-Horovitz and Miller study of LiCl is 
so badly perturbed by false detail (peaks in the RDF at distances less than 
2 A) as to obscure the observation of a Li-Cl interaction. The second 
peak corresponding to Cl-Cl (and Li-Li) interactions, however, is in good 
general agreement with that of the present study, both as to-number and 
distance. The curve resulting from the Zarzycki study is in good agreement 
with ours over both interaction peaks. 

“In the case of KCl, comparison with the earlier studies discloses some 
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nonconcordance. Here the only well-defined feature of the RDF is that 


corresponding to the K-Cl interaction. The previous studies yielded a 


number of first-coordination neighbors of 5.8 and 5.2, respectively, con- 
trasting with our result of 3.7. In the Zarzycki study, a part of the dis- 
crepancy appears to arise from a numerical error in evaluating the average 
distribution curve, 4xpor’, which forms an additive component of the com- 
plete RDF. Re-evaluation of Zarzycki’s data with this error corrected 
yields 4.5 for this number. In addition, our study yields a smaller value 
for the most frequent K-Cl interaction distance: 3.10 A as compared with 
3.14 A (3.20 A in our re-evaluation of Zarzycki’s data). The reason for 
these remaining discrepancies remains obscure; we feel, however, that 
they are well beyond the experimental error associated with the present 
study. 


Ture STRUCTURE OF THE MoLTEN ALKALI HALIDES 


A question often raised in connection with the structure of liquids is the 
extent to which a liquid, on the scale of a few atomic diameters, is like that 
of the solid material. Some aspects of this question to which the present 
study may contribute information are the interatomic distances and their 
distribution, and the average coordination. We shall discuss these aspects 
separately. 


Interatomic Distances 


The interatomic distances most frequently occurring in the structure, as 
indicated by the RDF, are by and large similar to those found in the cor- 
responding solids. Close comparison indicates, however, that the most 
frequent interatomic M*X~ approach is always somewhat shorter than 
that found in the solid at the melting temperature and, in fact, is close to 
the sum of commonly tabulated ionic radii. The most frequent M*-M* 
and X -X~ approach, on the other hand, is nearly always larger than that 
found in the solid. These observations indicate that a representative 
configuration in the molten salts involves, in comparison with the solid, a 
collapsed array of anions about cations (or vice versa), but an expanded 
array of anions about anions. 


Distribution of Distances 


The appearance of broad peaks in the RDF curves indicates that inter- 
atomic distances in the liquid are distributed correspondingly. The dis- 
tribution of distances in the first peaks has been shown to extend down- 
ward to values comparable to those in the gas molecules, some 0.5 A shorter 
than the most frequent distances. On the long-distance side, the distribu- 
tion must extend over a similar range. In the second peaks, even broader 
distributions of distances are indicated. In contrast, in a crystal, an in- 
teratomic-distance spectrum covering even a few tenths of an Angstrom 
unit implies very large amplitudes of thermal vibration, or even disorder. 


ee o 
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It is clear, therefore, that with respect to homogeneity of interatomic dis- 
tance crystals and melts are quite unlike. 


Average Coordination 


Without exception, the first peak areas indicate that the average M-X 
coordination is significantly less than 6, the coordination occurring in 
the typical solid structure. The average second coordination is much less 
well estimated because of limited resolution of the second peaks, but 
generous assignment of areas results in values roughly between 7 and 12, as 
compared with 12 in the typical solid. In this connection it seems signifi- 
cant that in the lithium halides, in which the best resolution of the second 
peak occurs, the values are the largest. 

The foregoing discussion of the interatomic distances and average co- 
ordination does not suggest a pseudocrystalline model for molten salts. 
- In contrast, the evidence indicates a considerable degree of inhomogeneity 
to be the most significant characteristic of these systems. That is to say, 
there appears to be no simple equivalent of a characteristic coordination 
polyhedron that can describe the microstructure of the melt. Rather, it 
appears that a broad spectrum of ion clusters occurs, in which ions tend to 
approach to a ‘“‘contact’’ distance, and which does not have a fixed value 
as in a crystalline structure. An engaging idea is the supposition that the 
less frequently occurring distances occur in clusters of only a few ions, the 
small values describing short distances within the small cluster and the large 
ones the distances from one such cluster to other ions in its neighborhood. 

Within this inhomogeneity, suggested as the most characteristic feature 
of molten salt structures, it is possible to point to certain regularities. 
Thus, in the lithium halides, where the cation-to-anion size ratio is smallest, 
the greatest homogeneity in X-X distance spectrum and the most pro- 
nounced suggestion of longer range order appear. In these systems also, 
and especially in Lil, the largest M-X coordination numbers are suggested. 
On the other hand, in systems in which the cation-anion size ratio is larger, 
specifically KCl, CsBr, and CsI, there is the least suggestion of long-range 
structure, the X-X distance spectrum is least well defined, and the M-X 
coordination number is smallest. These features are consistent with a 
tendency toward regularity of packing of large anions within which small 
cations such as Li’ may fit; when larger cations are introduced, this regu- 
larity of packing is destroyed. 

The data of TABLE 2 suggest that the first coordination tends to be high 
for the cesium salts as well as the lithium salts. This behavior, although | 
not to be considered firmly established, is reminiscent of the solids, in 
which the cesium salts assume the CsI-type structure with coordination 
number 8 and simple cubic arrangement of anions, as Be with the 
usual 6, with face-centered anions. 

There can be no doubt also, as emphasized by Zarzycki,’ that the struc- 
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tures are to be described as decidedly open in nature, signifying that there 
is considerable unoccupied volume surrounded by ions in near contact. 
We do not feel it appropriate at this time, however, to describe the “open- 
ness” in terms of holes, fissures, or interstices between compact islands, 
for these concepts imply a degree of homogeneity in the microstructure 
that we believe not to be present. 


SUMMARY 

Eight molten alkali halide salts have been studied by X-ray diffraction, 
and 3 of them also by neutron diffraction. Radial distribution functions 
clearly show the first 2 coordination shells, although not completely re- 
solved. The first shell is a band of about 0.5 A half-width, with the most 
frequent interatomic distance being smaller than that in the solid at room 
temperature. It corresponds to an average coordination of about 4 to 5 
neighboring ions. Neutron patterns confirm that the first coordination 
shell involves unlike ions. The second shell, which corresponds to 7 or 
more ion neighbors, is less well defined. This information, together with 
the density decrease on melting, indicates that the melts have quite open 
structures with a wide variety of individual ion coordinations. 
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PARTITION FUNCTIONS FOR NORMAL LIQUIDS 
AND MOLTEN SALTS 


G. E. Blomgren 


Research Laboratories, National Carbon Company Division of 
Union Carbide Corporation, Cleveland, Ohio 


Introduction 


The problem of describing a liquid system by means of statistical me- 
chanics is a formidable one to which there have been many approaches, 
involving various degrees of abstraction. Among these may be mentioned 
the distribution function calculations by Born and Green’ and of Kirk- 
wood and his collaborators, the cell theory of Lennard-Jones and Devon- 
shire,’ the hole theory,‘ and the theory of significant structures of Eyring 
and his collaborators.” 

If the distribution function (the probability of finding a molecule at a 
distance r from any given molecule, as a function of 7) for a liquid system 
could be calculated exactly, a basis would exist for calculating all thermo- 
dynamic as well as physical properties of the system. In principle, this 
can be done if the physical requirement of additivity of intermolecular 
forces is fulfilled. In practice, however, the calculation cannot be made 
without using extreme mathematical approximations and, even then, com- 
putation is very difficult and tedious. An advantage in this method is 
the fact that the approximations are mathematical rather than physical 
and may be evaluated mathematically rather than intuitively, but this in 
itself is very difficult and has not been done. The agreement with experi- 
ments is not good, but the fact that no adjustable parameters are used and 
a purely statistical approach is made recommend this theory. 

The cell theory of liquids uses a physical model of a molecule confined 
within a spherical cell, the boundaries of which are formed by neighboring 
molecules that take all possible orientations on the sphere. Thus, by 
considering nearest-neighbor interactions only and averaging over orienta- 
tions, the average potential energy of the molecule in the cell may be calcu- 
lated as a function of the distance from the center of the cell. This in 
turn allows calculation of the classic phase integral and, thus, the partition 
function of the liquid. The phase integral is evaluated numerically. Here 
the approximations are physical, but they have been related’ to the sta- 
tistical model of Kirkwood and have been assessed. Agreement with 
experiment is good for certain quantities and poor for others, but general 
agreement indicates that. the physical model is certainly nearly correct. 

The hole theory has been shown to be a first approximation to. the cell 
theory.’ Here each molecule is presumed trapped in a spherical potential 
well having a flat bottom. Vacancies are also presumed to be present in 
this array of trapped molecules, but these are not taken into account 
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specifically in the partition function. The vacancies, however, play a 
central role in the absolute-rate theory treatment of transport processes.” 

The theory of significant structures considers the liquid phase at equilib- 
rium to be made up of molecules that can undergo at least two different 
sorts of motion. One type of motion, called solidlike, is that of a bound 
oscillator. The other sort, called gaslike, is that of a particle in a constant 
potential free to move in the excess volume gained on melting: that is, in 
the vacancy space. The ad hoc assumption is made that the number of 
solidlike particles NV is given by the expression 

V. 

N.=WN T 
where N is Avogadro’s number, V, is the volume of the solid at the melting 
point, and V is the equilibrium volume of the liquid at the temperature 
considered. The number of gaslike particles N, is then given by the con- 


dition N = N, + N, or 
Vive 


Also, the assumption is made that the solidlike particles adjacent to va- 
cancies can take additional equilibrium positions. This requires a weight- 
ing factor g, for the solidlike particles, which is given the empirical form 


¥, PO _ v YRT 
where £, is the potential energy of the solid at the melting point and n and 


a are adjustable parameters. One further assumption is that the potential 
energy of the liquid is given by the expression 


#, = E, Le 
The partition function is then written 
V-YV, —aE.V, Wel’ 
1 eee ectnecieediona 
onl AeA ay VRE 
Gr st 
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where @ is the characteristic temperature of an Einstein solid at the melting 
point and the other symbols have their usual meanings. The parameters 
are chosen to give agreement with two properties of the liquid at the melt- 
ing point, and the rest of the properties follow from the partition function 
and give excellent agreement with results of experiments. Unfortunately, 
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it is not possible to test the assumptions made, especially with regard to 
the theories discussed earlier; therefore, this expression must be regarded as 
largely empirical. However, it is an expression that should be useful in 
application to the absolute-rate theory of transport properties, and one 
that should also be susceptible of extension to the case of molten salts. 
These applications are made below. 


Application of the Partition Function to Transport Properties 


The absolute-rate theory has been applied to the problem of viscosity® 
and gives the result that the viscosity, 7, is 


hN Ji Eo/RT 

Gy fae 
where f is the partition function of a molecule at equilibrium, f* is the par- 
tition function of the “activated complex’’ or a molecule at the top of the 
barrier to viscous flow, and £ is the height of the barrier with respect to 
the potential energy of a molecule at equilibrium. The factor 6 is a modifi- 
cation made by Li and Chang’ of the original expression of Eyring, and 
is necessary to take into account relative motion of the layers of liquid. 
The quantity f~, through the formulation of absolute-rate theory, has 
lost one degree of translational freedom: that along the “reaction coordi- 
nate.” 

If we wish to use the partition function from the theory of significant 
structures, it is necessary to decide what the partition function of the acti- 
vated complex should be. A natural assumption would be that a solidlike 
molecule would lose a degree of oscillation to the reaction coordinate, and 
that a gaslike molecule would lose a degree of translation. An average 
molecule, then, described by the partition function for NV molecules to the 
1/N power, may be presumed to lose a fraction of an oscillation equal to 
the fraction of solidlike particles and a fraction of a translation equal to the 
fraction of gaslike particles. We could then write the partition function 
for the activated complex as 


; V—-V. GEV 8 yt 
Meet sy. i — VRE (2a Deas 
eel re (1 — e978 h? N 


where we now omit the potential energy term, as it is to be included in the 
activation energy for flow. The expression for the viscosity is then given 


fairly simply by 
Sey —ak.V; Laat 
aN L+n yeep RT 
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where E) is the activation energy for flow. Since the potential energy for 
the liquid has been assumed to vary inversely with the volume, the activa- 
tion energy will be assumed to have a similar nature; that is, 


where F is a parameter to be determined by experiment. 

Eyring (private communication) has determined the parameters n and a 
at equilibrium for liquid argon, and the viscosity is known’’ from the melt- 
ing point almost to the critical point. Eyring has also determined n and a 
for liquid methane and nitrogen and the viscosity is again known for almost 
the entire liquid range.” The parameters used for calculating the vis- 
cosities of these three liquids are summarized in TABLE 1. In the case of 


TABLE 1 


PARAMETERS FOR CALCULATION OF Viscosity oF Liquip 
ARGON, METHANE, AND NITROGEN 


Argon Methane Nitrogen ~ 
Potential energy, H (cal.) 1888.65 2200* 1529 .9* 
Solid volume, V; (cc.) 24.985 30.9615 29 .3118 
Einstein characteristic temperature GOL05 fos 75.3316 55.94* 
a 0.00534* 0.00296* 0.0034* 
n 10.8* 13.3* 12.9* 
Liquid volume, V (cce.) T — Vi 
Activation energy, # (cal.) 690.1 737.8 562.9 
Viscosity (experimental) —10 —u 11,12 


* Private communication from H. Eyring. 
{ International critical tables. 


nitrogen and methane, the internal vibrational degrees and the presumed 
rotational degrees are considered to be unaffected by flow and so do not 
contribute to the expression. The activation energy E was determined 
from one point on the experimental 7 versus 7' curve near the melting point. 
The results for argon, methane, and nitrogen are shown in FIGURES 1, 2, and 
3. As can be seen, the calculation for argon agrees very well with ex- 
periment. For methane and nitrogen the calculated results are somewhat 
lower than the experimental values at high temperatures. This may be 
due to an inadequate description of the rotation in the solidlike positions 
(which would be reflected in the parameters 0, n, and a), to a change in 
the factor 6 introduced by Li and Chang, or to a contribution of rotation 
to the viscosity at high temperatures. In conclusion, the generally grati- 
fying agreement of the theory with experiment validates the absolute-rate 
theory mechanism for viscosity, and a method is now provided for accurate 


prediction of viscosity as a function of temperature from the properties 
of the equilibrium state. 


———— 
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Extension of the Partition Function to Molten Salts 


It is more difficult to describe a molten salt than a normal liquid, and 
only recently has an attempt been made to calculate the distribution 
function of such a system (private communication from J. G. Kirkwood). 
Numerical results have not, as yet, been obtained. 
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Fiaure 1. Viscosity (poise) as a function of temperature (°K) for liquid argon. 


The most important point to be settled when a physical model is to be 
used, as with the cell model or the theory of significant structures, is the 
effect on the ‘partition function of the coulomb forces. This problem has 
been solved for the case of the solid lattice by Born and his co-workers, 
but it remains a difficult problem for a disordered liquid. In the theory 
of significant structures, it is presumed that the effect of the coulomb forces 
is shown explicitly only in the potential energy, as in the solid case, and 
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that the rest of the partition function is the same as that for a normal 
liquid, account being taken of the different kinds of particles. The poten- 
tial energy is then taken to be in two parts, a coulomb part and a noncou- 
lomb part. The noncoulomb part will be expected to vary with the 
volume in the same way that a rare gas does; that is, as V,/V. The cou- 
lomb part will be assumed to vary with volume in the same way as the 
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Ficure 2. Viscosity (poise) as a function of temperature (°K) for liquid methane. 


solid; that is, as (V./V)"*, The potential energy can then be written as 


V. 1/3 
E,= fF, (%) + FE, (%) 


The term #2, in the case of KCl, can be taken to be the same as E, for 
liquid argon, or about 2000 cal./mole. The term £; , however, cannot be 
taken simply as the coulomb part for the potential energy of the solid 
because the long-range order is destroyed and also because the ioordinnnen 
number of the liquid is reduced for the first coordination number from 6 to 4. 
If the ratio of the first coordination numbers (4/6) for liquid to solid is 
arbitrarily taken to be a sort of average effect on the Madelung constant 
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of the solid resulting from fusion, the coulomb part E, can be obtained from 
the coulomb part of the solid lattice energy at the melting point E, ,oulomp by 


2 
FE, a 3 oe aeons 
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Figure 3. Viscosity (poise) as a function of temperature (°K) for liquid nitrogen. 


The Si function can now be written as 


ye an SEV ES 
1 + fe ; V. exp (V 7 V. \RT (eae og 
ia iS e) ON 


Qams kT 8/2 47 N(V—V)/V | ez @) 
[( 7 ae) rl} Nias ANT eta a 


Here, the energy in the exponential part of the weighting factor is taken 
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as E, + E,, but the presence of the adjustable parameter a allows this 
choice to be made arbitrarily. The masses of the two different ions are 
Mm, and mM. . 


TABLE 2 
PARAMETERS FOR CALCULATION OF Motar VoLUME or Mo.LtrEen KCl 


Einstein characteristic temperature 172.57 
Solid volume (cc.) 40.4319 
Liquid volume! 
Entropy of fusion (eu) 5.8* 
Calculated values F; (cal.) 105,000 

FE (cal.) 2,000 
n 4.9 
a 0.005 


* Circular 500 (1952) of the National Bureau of Standards, Washington, D.C. 
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Fiaure 4. Molar volume (cubic centimeters per mole) as a function of tempera- 


ture for molten KCl. 


A trial calculation has been made on the molar volume as a function of 
temperature for KCl. The parameters n and a were chosen to give the 
entropy of melting and the volume of the liquid at the melting point. 
The volume was found from the minimum in a plot of the Helmholtz free 
energy versus the volume. The necessary data for the calculation are 
summarized in TABLE 2. The results are shown in FIGURE 4 together with 
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experimental values.” As may be seen, the results deviate from the ex- 
perimental values, but by only about 4 per cent in the high-temperature 
region. It would:be expected that the thermodynamic properties would 
agree somewhat better. 

It is felt that a promising approach has been made toward deriving a 
semiempirical partition function for molten salts. It is hoped that this 
partition function will prove applicable to a wide variety of salts and to 
many basic properties of salts. It is also anticipated that the theory of 
transport properties in the section Application of the Partition Function to 
Transport Properties will also be capable of being extended to molten salts. 


Conclusions 


The partition function for liquids, developed by Eyring et al.,” has been 
applied to the absolute-rate theory expression for viscosity’ for liquid argon, 
methane, and nitrogen with very satisfactory results. It is held that the 
agreement obtained lends support to the validity of the mechanism for 
viscosity. The partition function has also been extended to the case of 
molten salts, and reasonable agreement with experiment is obtained for 
the molar volume of molten KCl. 
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STRUCTURE OF MOLTEN MERCURIC HALIDES 


George J. Janz and James D. E. McIntyre 
Department of Chemistry, Rensselaer Polytechnic Institute, Troy, N.Y. 


Introduction 


Knowledge of the nature of the structural units in molten salts and of 
the intensity of the force fields and energy barriers between them is funda- 
mental to an understanding of the physical properties and behavior of 
these systems. Melts of salts having a strong covalent component of 
bonding are particularly suited for the study of the conditions necessary 
to form associated groups (complex ions, molecules). In contrast to salt 
systems predominantly ionic in character, these have received relatively 
little attention. Compounds such as the mercuric and cadmium halides 
fall in this class, their melts being characterized by values of electric con- 
ductivity intermediate between those of highly ionic melts (A ~ 100) 
and those of nonconducting liquids. 

The constitution of the melt does not depend solely upon the crystal 
lattice structure of the solid salt. Low conductivity generally implies 
a high degree of covalency in the melt (with structural units either finite 
molecules or polymeric molecular species), but does not necessarily imply 
the existence of molecules in the crystal. The process of fusion may cause 
fundamental changes in bonding. Although the lattice types of the salts 
may be alike, the bonds between the individual atoms are able to exhibit 
appreciable differences with respect to their polarity and polarizability.’ 
At the disintegration of the lattice during fusion, these differences come 
into effect. Whether ions or molecules predominate in the melt depends 
upon whether the decrease in free energy of the system is greater on solva- 
tion of molecules or on solvation of ions. Only in the extreme case, where 
the bonds in the molecules are slightly polar and slightly polarizable, is 
the molecule preserved in interaction with its like, whether in the lattice, 
in solution, or in the melt. Such is known to be the case for the mercuric 
halides, HgX»(X=Cl, Br, I) in the solid and gaseous states. This paper 
reports the results of investigations in progress on the structure and con- 
stitution of the mercuric halides in the molten state. Considered are the 
physical properties and the conditions necessary to form associated groups 
(complex ions, molecules), with particular reference to mercuric bromide. 


Experimental 


Electric conductance. Precise measurement of the conductivity of mer- 
curic halide melts requires the use of conductance cells of low cell constant. 
The cells used for the conductivity measurements were constructed of 
Pyrex glass and were sealed off after introduction of the salts. Circular 
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grey platinum disks of 1-cm. diameter served as electrodes. The cells 
were calibrated at 25°C. with a standard aqueous KCl solution, about 
0.01 demal. Temperature corrections are of the order of 1 per cent at 
250° C., but have not been applied. 

The salts used were of reagent quality. They were initially dried with 
a stream of dry argon or nitrogen for 10 hours and were then further purified 
by vacuum sublimation from the melt. 

Conductivities were measured at a series of temperatures between the 
melting and boiling points of the salts. ‘The melts were brought to constant 
temperature in an electric resistance furnace before making resistance 
measurements. By adjustment of shunt resistors in parallel with the 
furnace windings the temperature gradient of the melt was reduced to 
0.2°C. Melt temperatures were measured with a platinum-platinum-10 


TABLE 1 


Evectric Conpuctivity, Viscosity, AND DENSITY oF 
Mo.uten Mercuric BrRoMIDE 


4 a r (oh cm. zs (ohm=!-cm.?+ 
CC.) (°K) (gm.:cm.~8) | (ohm=}+cm.-1) | °° oy. (cp.) eR eet 
240 513.2 5.116 1.42 X 10-41 1.00 X 10-7} (2.52) 2.52 X 10-2 
250 523.2 5.082 1.59 X 10-4 1.13°X 10-? 2.29 2.59 XK 107 
260 533.2 5.048 1.76 X 10-4) 1.23 X 1072 2.09 2.57 X 107 
270 543.2 5.015 1.94 K 10-4) 1.40 * 10-2 1.92 2.69 K 107 
280 553.2 4.981 2.12 X 10-4 1.54 X 10°? 1.76 2.71 XK 10-2 
290 563.2 4.947 2.30 X 10-4] 1.69 KX 10-7} (1.63) 2.0 *% 1052 
300 573.2 4.913 2.49 X 10-4 1.88 X 107-2) (1.50) 2.82 X 10-2 
310 583.2 4.880 2.69 X 10-4] 1.98 X 10-2; (1.39) 2.79 X 10-2 
320 593.2 4.846 B.L7-< 10-4) 2212 * LOR ~.-29) 2.73 X 10-2 


per cent rhodium thermocouple. Conductivities were measured with in- 
creasing and decreasing temperature in order to detect possible decomposi- 
tion at higher temperatures. The measurements were made with a con- 
ductance bridge* designed in this laboratory and employing an impedance 
comparator} as a variable frequency source and null detector. 

The specific conductivities, « (mho-cm.”), of mercuric bromide melts 
at a series of temperatures between the freezing and the boiling points of 
the salt are shown in TABLE 1. The molar conductivities, 4, were calculated 
using the density data of Prideaux.” The reduced conductivities, f = un, 
were calculated with the aid of viscosity values extrapolated from the data 
of Jander and Brodersen.” The data are in excellent agreement with the 
values given by Jander and Brodersen” at 242° C., but depart considerably 
from those of Belyaev and Mironov,’ particularly at higher temperatures. 
‘This is probably an indication of a higher degree of purity of the salt used 


* Described in an unpublished work by G. J. Janz and J. D. E. McIntyre. 
+ General Radio Co., Ridgefield, N.J., Type 1605-AS5. 
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in the present work. The energies of activation for the process of electric 
conductance and viscous flow, calculated in the conventional manner from 
graphs of these data against 1/T(°K), are thus found to be 6.2 and 5.1 
keal./mole, respectively, in the region of the melting point. In FIGURE 1 
it may be seen that AZ, is a monotonic decreasing function of temperature. 
Measurements are in progress for the chloride and iodide. 

Heat and entropy of fusion. The heat of fusion for pure mercuric bro- 
mide has been determined calorimetrically with an accuracy of +2 per 
cent in this laboratory. This work will be described in detail in another 


6.20 


5.00 


240 260 280 300 320 
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Ficure 1. Activation energy for electric conductance in molten mercuric bromide. 


work.* The values for the heat and entropy of fusion thus are 4.28 kcal./ 
mole and 8.4 eu, respectively. 


Discussion 


Some of the physical properties and structural data for the mercuric 
halides are summarized in TABLES 2 and 3. Consideration of the informa- 
tion on the solid and gaseous states is of interest with reference to the 
physical structure and constitution of the molten salts. 

Solid state. Mercuric fluoride has a distinct ionic structure and will 
not be considered in this discussion. The chloride, bromide, and iodide 
form molecular lattices, with the layer-type structure readily distinguished 


* By G. J. Janz and J. Goodkin, The Journal of Physical Chemistry. In press. 
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TABLE 2 
PuHysiIcaAL PROPERTIES oF Mprcurtc HALIpEs 
Solid state 
Salt T; (°C.) Lattice energy AHy ASy Density at 
J 7 (Kcal.-mole™) | (cal.-mole=) (ea) ae a -1) Color 
HgCl, 277 608 * 4150 5 5.44 white 
HgBr, 238 604 4280 8.4 6.11 white 
Hgl, 259 599 4500 8.6 Gnas red, yellow 
Liquid state 
ap hto Density Molar conductivity 
V t AH, ° -cm. 
Belt | TCC) | Cry) | eal | 455 | SEF) | Color gs ae 
cp. mole“) ) ea 
: at T;° atiLee 
HgCl, 304 13,900 | 24.1 4.41 | colorless | 0.0025 | 0.0069 
HgBr. 319 (2.52) | 14,200 | 23.8 5.12 | yellow 0.0098 | 0.0212 
Hgl, 354 (0.64) | 14,700 | 28.5 5.23 | red 2.02 1.54 
Gas state 
Molecular species Dissociation to Hg and Xz (per cent) at 1000° C. 
monomeric 3 
monomeric 14 
monomeric — 
TABLE 3 
Structure or Mercuric HALipEs 
Solid state 
Salt Structure type Coordination Tatermuclest oo 
HgF. fluorite 8 2.40(8) 
HgCl. octahedral, distorted 6 2.25 (2) 3: aaa 3.63 (2) 
HgBr2 octahedral, distorted 6 dp 48(2): 3 .23 (4) 
Hel, (red) tetrahedral 4 2.78(4) 
(yellow)| octahedral, distorted 6 2.78(2); 4.11(4) 
Gas state 
(X—Hg—X) Bond properties 
Tonic Force 
character d (A°) constant 
(per cent) (105-d/cm.) 
a HgCl linear 2 22 2.29 2.67 
Babes linear 2 17 2.41 2.32 
Hgl. linear 2 11 2.59 1.81 
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for the latter two. The low melting points (TABLE 2) are to be associated 
with the crystal structures rather than directly with the nature of the 
Hg—X bond. Disintegration of the lattice at fusion results from the 
rupture of the weak cohesive bonds between the highly polymeric (HgX2) 
layers and the secondary bonds among molecules arising from polarization 
of the halogen atoms. In addition to the two halogen atoms with which a 
mercury atom is covalently bonded to form a HgX» molecule, it is also 
secondarily bonded by its coulombic interaction with the free outer elec- 
trons of the four remaining halogen atoms in its coordination polyhedron.” 
As a result of these coulombic attractions from several directions, the outer 
electronic configuration of the halogen atoms tends partially to assume the 
spherical symmetry of the halide ion. This deformation of the primary 
Hg—xX bond imparts a partial ionic character to the lattice structures. 
The degree of polarization is reflected by the melting points of the three 
halides. Thus, while the Hg—I bond is the most covalent in the gaseous 
state, the iodine atom is more polarizable than that of bromine and, as a 
result, mercuric iodide has a more ionic lattice and a higher melting point 
than mercuric bromide. Although the chlorine atom is the least polariza- 
ble, mercuric chloride has the highest melting point. This is probably due 
to the somewhat. different packing of the atoms in the mercuric chloride 
lattice. 

The structural data (TABLE 3) show clearly that in the lattices of the 
chloride, the bromide, and the yellow (high-temperature ) form of the iodide, 
2 of the 6 nearest neighbor halide atoms are closer than the other 4. The 
result in each case is a distorted octahedral arrangement in which individual 
HgX, molecules may be recognized in the lattice. The mercury and halo- 
gen atoms lie in layers in the sequence XHgX XHgX. The structure types 
and the stereochemical arrangement of the entities in these compounds 
are illustrated schematically in FIGURE 2 for the bromide and iodide, which 
have the same packing (a,c), and for the chloride (b,d). X-ray analyses 
of the chloride and bromide have shown’"* that the “molecules” have a 
linear configuration in the solid state. 

Gas state. Vapor density measurements’ have established the fact that 
the only species of importance below 1000° C. are the monomeric molecules, 
HgX, (TABLE 2). The configurations, internuclear distances, and force 
constants (TABLE 3) have been determined by spectroscopic studies.” 
The infrared studies''"” have shown clearly that the bond-bond interaction 
force constants in these molecules are small. From the force constants, 
it is readily estimated (as a first approximation) that the ratio of the bond 
dissociation energies D( XHg—X)/D(Hg—X) is 0.8 for the chloride and 
1.0 for the bromide and for the iodide. The ionic character for the Hz—X 
bond (TABLE 3) was estimated from electronegativities and the empirical 
equation of Hannay and Smyth.” 

Liquid state. The relatively low melting and boiling points and related 
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properties such as electric conductivities are understood if it is assumed 
that a high degree of covalency is retained in the molten state on fusion 
of the mercuric halides. The colors of the bromide and iodide melts are 
in accord with anion polarization’: effects in such systems. An insight 
into the polar nature of the bonding in the liquid state can be gained from 
the spectroscopic frequency shifts between the gaseous and liquid states. 
With the mercuric halides, the differences in the Raman frequencies ac- 
companying the change in state have been observed as quite marked” 


2. Structure type and stereochemical arrangements for the mercuric 
Pidcs fi ae pate eeaiB uc hleuariri bromide and iodide have the stereochemical 
arrangement illustrated in a, with packing as shown in c.. Mercuric chloride has the 
somewhat different stereochemical arrangement and packing shown in 6 and d, re- 
spectively. The large circles are the halide atoms. 


(for example, for HgCl, it is 11.6 per cent ) in comparison with the hydrogen 
halides (for example, 3 per cent for HCl). The decrease in frequency in the 
molten state may be attributed in part either to coupling between molecules 
(an increase of the vibrating masses) or a diminution of the bonding forces 
as a result of the interaction of neighboring molecules (a perturbed cova- 
lency bonding). Both effects would increase with increasing intermolecular 
forces; the frequency shift would be greater the more pronounced the polar 

nature of the bonding in the system. Quantitative calculations await 
more precise spectroscopic data (Raman and infrared) for these molten- 
salt systems, but the results qualitatively confirm the predictions based 
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on the estimates of the ionic nature of the Hg—X bond (TaBLE 3). The 
shielding efficiency and the anion affinities of the mercuric ion, Hg*’, are 
noteworthy. Extremely inefficient shielding by the internal electron shells 
is related to a pronounced tendency to form molecular complexes—that is, 
absence of structurally ionic character. The shielding efficiencies of the 
mercuric ion and the alkali metal cations are 0.67 and 1.0, respectively. 
The anion affinity has been defined’*’”’ as a measure of the attractive force 
for anions of free cationic species. The anion affinity of the mercuric ion 
is found to be 1.70 times greater than that of the cationic species, which 
normally form ionic compounds. Thus, while the mercuric halides are 2:1 
type salts in the conventional sense and may conceivably dissociate with 
the ultimate formation of the Hg” species, the existence of the latter would 
seem highly improbable in the molten salts. It follows that the species 
HgBr, , HgBr*, and HgBr;_ may be predicted as the most probable entities 
in the molten state in accord with the ionization processes 


Ionization: Hg X,—= Hg X* + X™ (1) 
Solvation: X + Hg X.— Hg X;3_ (2) 
and 2He X= He X* + He X3. (3) 


where the over-all process (Reaction 3) corresponds to the primary dis- 
sociation (Reaction 1) and solvation (Reaction 2) in the melt. Should 
the ionization equilibrium (Reaction 3) lie far to the right, the molten 
salts would correspond to ionic melts in which the autocomplexes, the 
predominant species, still retain a high degree of covalency in view of their 
polyatomic natures. By contrast, if the ionization equilibrium lies far to 
the left, the properties of the melts should be interpreted as those of es- 
sentially molecular-type liquids, with formation of the species HgBr* and 
HgBr; on incipient ionization. Knowledge of the degree of ionization is 
essential to the resolution of this problem. 

Complete ionization. Interpretation of the physical properties for molten 
mercuric bromide in the light of the completely ionized model for the melt 
is of interest. Electric conductance in molten salts is generally assumed to 
be due largely to the smaller ionic species, whereas the viscous flow rate 
is limited by the lower mobility of the larger ions (usually anions).’7"* 
Approximate equality of the activation energies in ionic melts has been in- 
terpreted as an indication that the structural units involved in conduction 
are larger than the simple ion and, indeed, more nearly comparable in size 
to the units for viscous flow; ionic association in such systems is thus postu- 
lated. For mercuric bromide, the only halide for which reliable values 
are available at present, the energies of activation for electric conduc- 
tance and viscous flow are 6.2 and 5.1 keal./mole, respectively. The 
concept that the predominant species in the melt are HgBrt and HgBr;— 
if the molten salt is assumed to be ionic is in accord with this approach. 
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For ionic melts an empirical rule for the entropy of fusion, namely that 
AS; is about 3 eu/gram ion for systems with simple ionic species as the 
structural entities, has been noted.” In accord with the ionic model for 
mercuric Beeman’ the entropy of fusion should be interpreted as for a 
1:1 electrolyte (Reaction 1) rather than a 2:1 electrolyte. The entropy 
of fusion per gram ion, 4.2 eu is somewhat larger than that noted for KBr 
and KCl, 2.5 and 3.1 eu, respectively. Because of the polyatomic nature 
of the HgBr* and Heb species, a higher value than that for the alkali 
halides would be predicted to account for the vibrational-rotational contri- 
butions in these melts, but insufficient data prevent quantitative estimates. 
Certainly the entropy of fusion is much larger than that for SiO. (0.93 eu), 
the melt of which is conceived as a highly polymerized or cross-linked type 
of liquid.” The percentage volume increase at fusion for mercuric bromide 
is estimated as 19.7 (compare KCl and KBr, 17.0 and 16.2, respectively’’). 
Only qualitative significance should be attributed to this, since the densities 
of the solid mercuric halides near the melting point are not available for 
the precise calculation of this factor. 

The very low values of the molar conductivities, and the solid- and gase- 
ous-state structural data are difficult to understand in the light of this 
model. The order of increasing conductivity in ionic melts—that is, 
iodide < bromide < chloride—is the reverse of that for the mercuric 
halides (TABLE 2b). For salts only partially ionized in the molten state, 
both ionic mobilities and ionic concentrations contribute to the molar 
conductivities. When the degree of ionization varies markedly from one 
halide to the next for a given metal, the molar conductivities may well be 
determined primarily by the relative concentrations of the free ions. 

Partial ionization. There is little doubt that the finite conductivity of 
the molten mercuric halides may be attributed to the autocomplex ionic 
_ species. There have been attempts to account quantitatively for the 
character of the changes in electric conductivity of molten salts with re- 
spect to the periodic classification of elements. These attempts have been 
made in terms of shielding of ions by gegen-ion species, *! or in terms of 
disparities in moments of the ion and its gegen-ion species,” and have 
achieved a measure of success qualitatively, although they do not lend 
themselves well to quantitative analyses. The concept of the reduced 
conductivity, f, proposed by Martin” seems most promising for calculation 
of the extent to which “kinetically free” ions are formed in such systems. 

From the fundamental definition of a, the degree of ionization 


CNeF (uy a u_) 


where the symbols have their conventional significance, it can be readily 
shown that for a 1:1 type salt 


a = 
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KN 

3 ae 2X0 (5) 
where Xp isthe average mobility for the cationic and anionic species reduced 
to unit viscosity (1 ep.), and the molten salt obeys Walden’s rule. Refer- 
ence to tables of ionic mobilities indicates that all mobilities fall within a 
factor of 10 of each other, and that in a medium of unit viscosity (1 ep.), 
the value \) = 50 ohm ’-cm.?-gram ion represents all ionic mobilities 
within a factor of 2 (with the exception of the hydronium and hydroxyl 
ions). Thus it follows that the degree of dissociation is expressed simply by 


a = un/100 = f (6) 


or that f, defined as the reduced conductivity, is equal to 100a. It should 
be recognized that for molten salts in which AE, and AE, differ markedly, 
but for which the general relation »”” = constant holds, the reduction of 
the conductivities to the standard state of unit viscosity should be by 


TABLE 4 
Mo.uren InorGANIcC HALIDES AT THEIR MELTING PoINTs 


AE, | AE, 
Compound Ce. ) —______—_——_ m (ohm7-cm.?- n™y 
; (kcal. -mole7) cp.-mole™) 
KBr 728 3.4 7.9 2.3 141 109 
AgI 552 0.9 5.8 6.4 361 121 
HgBr. 238 6.3 Heal 0.79 0.0251 0.0208 


7” rather than by 7 itself, as in the preceding equations. The degrees of 


dissociation thus obtained for some inorganic halides are summarized in 
TABLE 4 together with the value for mercuric bromide. In view of the 
approximations involved, the values for the simple salts, for example KBr, 
may be taken as confirmation that they are completely ionized. It follows 
from this that the degree of dissociation for HgBr. is approximately 2 X 10° 
in the region of the melting point. Inspection of the values for fin TABLE 1 
(last column) shows that the degree of dissociation is essentially constant in 
this melt over the entire temperature range for which the liquid state is 
stable. 

Using an entirely different approach based on emf measurements on 
concentration cells with molten mercuric bromide, the value of the ion 
product for HgBr2 at 250° C. has been reported” as: 


(HgBr*)(Br_) = 2 x 10° 


This corresponds to a value for a equal to 1 X 10°. The agreement, 
all that could be expected in view of the approximations, is in support of 
an essentially molecular-type liquid for mercuric bromide. The equality 
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of AH, and AE, and the magnitude of the entropy of fusion also may be 
understood in the light of an essentially molecular model for these melts. 
In covalent melts, only incipiently dissociated, viscosity is determined 
primarily by undissociated molecules rather than by ionic species. The 
molecules may be considered as constituting a solvent medium in which 
the ions are dissolved and with which they are in dynamic equilibrium with 
respect to the process of dissociation. Although Walden’s rule, as originally 
proposed, was empirical, it can be shown to be a direct consequence of the 
application of Stokes’ law to the motion of ions. For an electrolyte dis- 
sociating into p kinds of ions, it can thus be shown that for infinite dilution 


| Z; | 


Ti 


= constant (7) 


p 
A’no = 8.19 X 10° >» 
i=1 


While the condition of infinite dilution cannot be realized in a pure molten 
salt, for melts such as mercuric bromide, where ionization is only incipient, 
the above is probably valid as a good approximation. A direct consequence 
of this is, then, that the energies of activation for electric transport and 
viscous flow should be equal in melts with a high degree of covalency. 
The close correspondence of the values found for mercuric bromide is thus 
understood in the light of this model. It may be predicted that Walden’s 
rule will be obeyed more closely in the vicinity of the boiling point of a 
melt than near the freezing point, since an increasingly close-packed ar- 
rangement of molecules may well result with increasing temperatures. 

The decrease in AH, with increasing temperature for molten mercuric 
bromide may be attributed to the increase in free volume of the liquid. 
The predominant cohesive forces in molecular-type liquids are dipole-di- 
pole and ion-dipole, and the coulombic ion-ion interactions are long-range 
secondary effects. This is in contrast to the alkali-halide melts, which 
may be regarded as completely dissociated.” As a result, covalent melts, 
as compared with ionic melts, are characterized by higher thermal-expansion 
coefficients and free volumes or higher hole production rates, or all three. 
The slight downward curvature of the curve of AH, in FIGURE 2, if signifi- 
cant, may indicate some retention of solid-state structure just above the 
melting point. The relatively high value of AE, (5-6 kcal.) is thus readily 
understood as due to the large size of the conducting species. The prob- 
lem is schematically illustrated in riguRE 3, with the conduction visualized 
as a concerted rotation of ions and neighboring molecules. Thus, in FiG- 
URE 3a, b, and c are shown the relatively large sphere evolved by HgBr* 
rotation, the (HgBr*) (HgBr;_) ion pair, and the stereochemical limitations 
to entirely free rotation of the molecular species in the liquid state. 

A summary of the entropy of fusion calculations for the 3 mercuric 
halides is given in TABLE 5. It has been assumed that the transition of the 
librational motion of the molecules in the crystal lattice to free rotation 
in the liquid state occurs during the process of fusion.” Similarly, the 
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communal entropy has been assumed to appear entirely at the melting 
point. Librational frequencies of 50, 37, and 30 cm.”* were assumed for 
the chloride, bromide, and iodide, respectively, in accord with values ob- 


d 


Fieure 3. Species in molten mercuric bromide. (a) HeBr+ (rotation), (6) 


+, — ‘ : 
Ae eet , and (c, d) stereochemical aspects of molecule-molecule rotation in 


served for other polyatomic molecules in the crystalline state.2>2” Exact 
correspondence with the experimentally observed entropies of fusion is 
found if Srot. is decreased by 1 eu to allow for possible hindered rotation 
in the liquid state (see rigurE 3c). No account has been taken of 
the entropy increase due to the change in volume on fusion since this 
amounts to only a few tenths of an eu. Refinement of these ecltahatiie 
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may be made if the librational frequencies of these compounds in the solid 
state can be determined experimentally. 

The problem of mercuric iodide presents the interesting feature that 
AH, cannot be calculated directly from conductivity data: Preliminary 
results show that the conductivity of mercuric iodide has a negative tem- 
perature coefficient. An explanation for the much higher conductivity, 
relative to the bromide and chloride (TABLE 2), is seen in the light of 
viscosity data recently published.” The value of AE, for mercuric iodide 
thus found, that is, 1.75 kcal.-mole™’, is much less than that for mercuric 
bromide. If the “true” value of AE, is taken equal to AZ, in mercuric 
iodide in the light of the preceding discussions on covalent melts, the con- 
ductivity of mercuric iodide would be predicted to be approximately 25 
times greater than that of the bromide at 270° C. In part, the large dif- 
ference between conductivities of the iodide and those of the chloride and 
bromide is thus understood. A possible explanation for this is that the 


TABLE 5 
Enrropies or Fuston (Mo.ecuntar Liquips) 
S (eu) 
Salt 
: Sfus. Stus. 
Srot. Svib. Scomm. eala inked ohserved 

HgCl, 18.6 12.1 2.0 8.5 es 
HgBr», 20.3 12.9 2.0 9.4 8.4 
HglI, PANS) 13.9 2.0 9.6 8.6 


highly polarizable iodide ion effectively reduces the potential barrier for 
ionic migration in the iodide melt. A more detailed discussion awaits 
further experimental data. 
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SOME THERMODYNAMIC ASPECTS OF MOLTEN SALTS: 
HALIDES OF URANIUM, ZIRCONIUM, THORIUM, AND 
CERIUM IN ALKALI HALIDE EUTECTICS* 


D. Inman, G. J. Hills, L. Young,+ J. O’M. Bockris 


Chemistry Department, Imperial College, London, England, and John Harrison Lab- 
oratory of Chemistry, University of Pennsylvania, Philadelphia, Pa. 


INTRODUCTION 


The transition elements are of interest because of the variety of elec- 
trode reactions to which the presence of their compounds in an alkali 
halide eutectic may give rise: for example, their stepwise reduction and the 
possible reduction of their anionic complex halides. Information concern- 
ing the nature and concentration of such complexes may be obtained from 
such reactions; also from electrode mechanism studies. In addition, the 
behavior of transition metal compounds in molten salts has technical im- 
portance. 

Fundamental studies of the mechanism of electrode reactions in fused 
salts are, as yet, sparse,!® although studies involving electrode reactions 
in fused salts in which determination of the mechanism of the reaction has 
not been the aim are more numerous.’6 

The experimental part of the studies reported in this paper was ter- 
minated in 1956. 


URANIUM 


Experimental 


Cell and adding device. For systems in LiCl-KCl, Pyrex glass cells 
(FIGURE la) were used. They contained parallel ground-glass joints with 
which the electrodes could be raised, lowered, and rotated. The vacuum 
lock used for adding material to the melt is shown in FIGURE 1b. Its use 
avoided contamination of the system by the atmosphere. 

Furnaces. Furnaces were the simple-resistance type and used Nichrome 
exponential windings; the tube was of Vitreosil. 

Vacuum apparatus. It is possible to outgas melts at low temperature 
by pumping for several days to remove permanent gases and water vapor. 
The last traces of water and hydrolytic products can be removed more 
rapidly by pre-electrolysis,2” which is also carried out in vacuo. For both 
the initial outgassing and pre-electrolysis, a rotary pump was used to back 
a glass 3-stage mercury diffusion pump; the pressure in the system was 
10 * min. Hg. 


-_* The work reported in this paper was supported in part by grants from the United 
Kingdom Mois Energy Establishment, Harwell, England, and the United States 


Atomic Energy Commission, Washington, D.C. a ; 
} British Canin Research Council, University of British Columbia, Vancouver, 


B.C., Canada. 
803 
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Gas purification. When the system investigated was not under vacuum, 
it was kept filled with Ar obtained from 99.95 per cent Ar that had been 
passed through SiO: gel and PO; , preliminarily gettered with Cu at 600° 
C. and then with U turnings at 600° C. 

HCl was produced by dripping concentrated H2SO, onto concentrated 


c 


Fiaure 1. (a) Pyrex cell: A, parallel ground glass joints; B, cooling coils; C, 
tungsten electrode leads; D, flanges; E, spoon for addition of UCI; ; F, addition de- 
vice (vacuum lock); G, modified Wilson O-ring seal; H, to electrodes; J, melt con- 
tainer; J, to vacuum line; K, argon in. (b) UCI; addition device in detail. A, to 
vacuum line; B, cell; C, spoon; D, modified Wilson O-ring seal; EH, O-ring; Ff, brass; 
G, brass washer; H, ~1-cm. bore. 


HCl. It was carried into the melt in an Ar stream through a CO»-acetone 
trap. 

Purification of solvent. An LiCl-KCl eutectic normally evolves HCl on 
heating as a result of its hydrolysis by previously absorbed water. This 
hydrolysis must be prevented or reversed before the melt can be used. 
Methods to achieve this have employed prolonged outgassing,?’ evacuation 
and treatment with HCl,?**° and pre-electrolysis.*! 

Evacuation and HCl treatment were not considered sufficient in the 
present work because it has been shown that (1) 0.5 per cent by weight of 
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H,0 or its hydrolysis products remained in an LiCl-KCl mixture after 
heating at 400° C. for 24 hours at a pressure of 10-4 mm. Hg,” and (2) 
from current-potential determinations, traces of HCl were not removed 
by evacuation for 12 hours at 10-4 mm. Hg at about 450° C. Therefore, 
an alternative procedure was adopted. 

The LiCl (pure grade) and KCl analytical reagent (A. R.) were mixed 
rapidly, melted in a glass tube, and filtered through glass wool into a 
Pyrex beaker. This eutectic was transferred to the main electrolytic cell 
where it was remelted and pumped out until the pressure in the system 
fell to ~10-* mm. Hg. Anhydrous HCl was then bubbled through the 
molten eutectic in a stream of purified Ar. The final traces of impurities, 
including dissolved HCl, were removed by pre-electrolyzing the melt in 
vacuo with W or Mo cathodes and C anodes, at a potential below the de- 
composition potential of the melt. 

The progress of the purification was followed by either the steadily fall- 
ing residual current at constant potential or the steadily rising voltage at 
constant current. During the pre-electrolysis, a vacuum was maintained 
so that gases evolved at the electrodes were removed immediately from the 
cell and prevented from dissolving and recombining (FIGURE 2). The cur- 
rent density (c.d.) corresponding to the final residual current after pre- 
electrolysis for several (up to 12) hours was about 0.1 mAmp.-cm.~? 
This corresponds to a residual impurity content of <5.10~° moles-cc. 

Preparation of solute. UCl3 was available only in a powdered form, which 
was neither sufficiently pure nor suitable for introduction into the melt 
without further contamination (with water vapor). It was prepared 
freshly for each run by one of two processes, the lead chloride process® or 
anodic dissolution. The former exploited the fact that, for many metals, 
the equilibrium 


M + 2PbCh = MCh, + «Pb (1) 


is displaced almost completely to the right; as molten metallic lead can be 
separated easily from the rest of the system, this is a convenient method of 
preparing heavy metal chlorides in the anhydrous state. 

Reaction 1 was performed in the cell illustrated in rrguRE 3. Twenty- 
five gm. of KCl and 93 gm. of PbCl: were heated slowly (450 to 460° C.) 
in an alumina crucible under vacuum (to remove adsorbed water vapor). 
As soon as the mixture melted, Ar was immediately admitted to the ap- 
paratus to reduce the volatilization of PbCh. A rod of U was then 
lowered into ‘the melt and the temperature raised to 650°C. The rod 
was kept above the pool of molten Pb that slowly formed in the bottom of 
the crucible. The mixture was cooled and the metallic and salt layers 
separated after about 2 hours, which was the average reaction time. The 
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small residual concentration of PbCl: in the salt melt was removed by means 
of pre-electrolysis. 

In anodic dissolution, a more convenient method and one that intro- 
duces fewer impurities into the system, a U electrode is anodized, at a low 
current density of 50 mAmp.-cm.~? 


I 
Vv : 
A 
qa 
I 
Vv 4 
A 
c 


Figure 2. Current-potential relations durin i i 
1 g purification of solvent A 
Bitsy molten filtration. (b) After molten evacuation. (c) After peeehes. ae 
ie 1 through melt. (d) After pre-electrolysis in vacuo. A, decomposition voltage 
ot sea ae oe in See peeenee of impurities; B, high residual current due to 
; C, redu ‘ : i i 
ae ES ced residual current; D, hump due to dissolved HCl; £, residual 


In spite of the fact that the cells contained no diaphragms, the steady- 
state concentration of U in the system increased continually because of the 
loss of alkali metal by such means as evaporation and reaction with elec- 
trodes and containers. 

Electrodes. The three basic types of electrodes used were: (1) quarter- 
inch-diameter graphite rods used for anodes, cleaned and polished with 


ee 
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emery cloth, and heated to redness in flame before use; (2) quarter-inch- 
diameter W and Mo rods used for cathodes, cleaned with emery cloth; 
and (3) quarter-inch-diameter U rods used as anodes and cathodes. ; 

Electrode mounting. Ground-glass Syringes sealed to the roof of the 
glass envelope (FiguRE 1a) allowed a vertical movement of about 214 in. 
and free circular motion even during evacuation of the cell. Connection 


A 


Figure 3. Apparatus for preparation of UCI; by lead chloride process: A, modi- 
fied Wilson O-ring seal; B, to vacuum line and argon purification train; C, to adding 
device; D, Pyrex glass; H, W1 glass; Ff, mullite (Al.0;-SiO2 mineral); G, glass flanges. 


to the electrodes was made via W rods of 2-mm. diameter sealed into C7 
glass that was, in turn, sealed to the bottom end of the glass plunger. 
Temperature control and measurement. The temperature was controlled 
by means of a Pt resistance thermometer used as one arm of a Wheatstone 
bridge. The Pt wire (~11) was either wound on the furnace tube or 
inserted, coiled, inside a twin-bore alumina tube, between the furnace tube 
and the cell. The bridge was balanced for the desired temperature. Any 
out-of-balance current through the connecting arm of the bridge was am- 
plified and used to actuate an electronic relay connected in series with the 
furnace for rough control or, for fine control, in series with a 10-ohm re- 
sistance in the furnace circuit. The temperature of the furnace was brought 
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near the desired temperature first by means of the adjustment provided by 
a Variac autotransformer. Control was better than +1°C. The tem- 
perature was measured with a chromel-alumel thermocouple enclosed in a 
Pyrex sheath. 

Reference electrode. Two types of reference electrodes were used in the 
course of the present work. The first was similar to that described by 
Senderoff and Brenner, that is, Ag in pure molten AgCl in a SiO: capillary 
tube, the junction between this liquid and the melt being formed at an 
asbestos plug. The main disadvantages of this electrode were its insta- 
gility and the high liquid junction potential associated with its use.* The 
second electrode consisted of an Ag wire in contact with a solution of AgCl 
in an LiCl-KCl eutectic; this was held in a Pyrex tube, the bottom of which 
was closed by a thin diaphragm. This electrode has been described in 
Bockris et al.*4 

General procedure. A sample of filtered salt was transferred rapidly from 
a desiccator to the cell, which was then immediately pumped out. The 


TABLE 1 
ANALYSIS OF URANIUM PRopucED ELECTROLYTICALLY FROM FUSED SALtTs* 


Uranium 98.7 Potassium 0.02 Magnesium 0.01 
Silicon 0.5 Lithium 0.01 Calcium 0.01 
Chloride 0.1 Aluminum 0.01 Manganese <t 
Fluoride 0.1 Copper 0.01 Silver <1 
Tron 0.02 Sodium 0.01 


_* All figures are percentages except those for manganese and silver, which are 
given in parts per million. 


temperature of the system was raised to above the m.p. of the salt, and the 
evacuation continued until the vacuum had decreased to a satisfactorily 
low value (10~* mm. Hg). In some cases, HCl was bubbled through the 
melt at this stage and then pumped off. The pre-electrolysis electrodes 
were then lowered into the melt, which was electrolyzed until removal of 
impurities was complete, as judged by the current-voltage curve criteria 
(see above). The reference and working electrodes were then lowered into 
the melt and such measurements as potential difference, current, and 
temperature were made. 


Results 


Current efficiency and metal purity. The criterion was adopted that the 
proper standards of purity would be evidenced by the quality of metal 
produced by a simple electrolysis of the system.* 

A typical electrolysis product was a dendritic material, the analysis of 
which is shown in TaBLE 1. About 0.5 per cent remained unidentified in 
most samples, and doubtless represents oxide picked up during leaching 


* A rough calculation of this potential, by means of the Henderson equation in th 
form ezyp = (RT'/F) In (Ai/A2) suggests ‘that €typ ~ 70 mv. 4 N 


ee 
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and storage of the deposits, which were ball-milled before analysis. The 
absence of silver in the product reflects the impermeability of the liquid 
junction diaphragm. 

At current densities of <100 mAmp.-cm.~’, the anodic and cathodic 
current efficiencies (based on the total, that is, adherent and nonadherent, 
deposit) were 100 per cent on the basis of the single electrode reaction 


1.420 
Cell 
emf 1410 
(v.) 
1.400 
1.390 
1.380 


=2.300 =—2.400 =-2.500 -2.600 -2.700 -2.800 
Log NUcl, 


Rog 18 ible cell emf in relation to mole fraction UCI; in LiCl-KCl 
tec teal slope (n = 3) = 49.2 my.; experimental slope = 57.0 mv. 


U = U* + 3e,. Thus, at these temperatures and in the absence of 
oxygen, the U** state is the most probable potential-determining compo- 
nent, in the absence of current flow. 

Mechanism of U*+ — U reaction. Fiaures 4 and 5 show for the re- 
versible electrode reaction the dependence of the reversible emf of the cell 
A on concentration of UCl3; and temperature. This type of data for the 
cell under reversible conditions allows an evaluation of thermodynamic as- 
pects of the over-all cell reaction: 


Agt | AgCl, LiCl-KCl | LiCl-KCl, UCI; | U- (A) 
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Typical examples of the electrode reaction under current flow (with cur- 
rent-potential relation at constant time) for cell reaction A are shown in 
FIGURES 6, 7, and 8. The first current-potential relation always differed 
from the succeeding ones. Ficures 7 and 8 indicate that the variations 
of potential are principally a function of the cathode process. 

With respect to potential-time relation at constant current, typical be- 


Cell - 
emf 1.380 
(v.) 


440 450 460 470 480 490 500 SIO 520 530 


Temperature °C. 
Fieure 5. Reversible cell emf in relation to temperature (Nvc13:5.6-10-%). 


havior for cathode and anode, including the effect of stirring, is shown in 
FIGURE 9. 


Discussion 


Nature of over-all reaction. The variation of the emf of cell A with 
UCI; concentration is in accord with the Nernst relation and with three- 
electron transfer as the potential-determining reaction. The reversibility 
of the system is manifested by the rapid attainment of a steady, reproduc- 
ible emf after the addition of fresh UCI; ; the identity of the electrode po- 
tentials exhibited by several electrodes immersed in the same solution ; 
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and the fact that a U electrode rapidly returns to its original value after 

being polarized. The values of the anodic and cathodic current efficiencies 

at low current densities are in agreement with the reaction U*+ + 3e,— U. 
Thermodynamics of the cell reaction. This reaction is: 


U + 3AgCl > 3Ag + UCI, (2) 


in mAmp. 
n oOo w 2 A 
2 Oo WwW Ow oO 


Current 
Nn 
Oo 


0.1 0.2 03 04 05 O6 OF 08 O9 1.0 1) 12 43 
CELL VOLTAGE (volts) 


Figure 6. Working cell emf in relation to current (uranium anode). A, first 
run; O, second run, 0, third run. 


in m Amp. 


Current 


=-1.3 -1.4 -1.5 -1.6 -I.7 -1.8 -1.9 -2.0-2.1 


Cothode potential vs. Ag] AgCl,LiCI-KC! ref. (vw) 


Ficure 7. Cathode potential in relation to current: A, first run; O, second 
run; O, third run. 
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Hence, at equilibrium, 


Fg pele Wem Vins ins In duci,; + ee In Gago (3) 


ae FP 


where EY°'* is the emf corresponding to the free energy of formation of 


Current in mAmp. 


-1.34 -1,32 -1.30 -1.28 -1.26 -1.24 


Anode potential vs. Ag | AgCl, LiCI-KCI ref, (vw) 


Fiaure 8. Anode potential in relation to current: A, first run; O, second run; 
O, third run. 


(a) \ 


0.9 
Cell ae . \ 
e.m.f. : ic) | Anode po\entiol \ 
(v.) 0.7 vs. ref. 
0.6 t (v.) \ 


; 
ry 40 80 120 160 200 240 2860 i 
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Figure 9. Working cell emf and anode potential in relation to time (at constant 


current): (a) cell emf with no stirring; (6), cell emf with stirring; (c), anode potential; 
H, a transition that takes place at times >>280 min. 
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pure UCI; from the elements, at T° K and 1 atm. pressure. H2®°! is the 
analogous quantity for AgCl, and ayci, and Gago are the activities of UC; 
and AgCl. Activity coefficients are defined with the compositions ex- 
pressed as mole fractions. 

The activity coefficient of AgCl may be taken as unity,°*-*8 so that: 


Ea! a. RT In Nvci; ee 


Die at ie =e ay in 4) 
3F Noi 2F foci; ( 


where NV; is the molar fraction of 7, and fuci, is the rational activity coeffi- 
cient of UCI; . 

Some emf-temperature data for the composition Nya, = 5.59 X 10-3, 
Nagi = 2.2 X 107 are given in TABLE 2. From this data (FIGURE 5), 
(dH /dT)p = 0.48 mv.-°C.- 


TABLE 2 
EMF-TEmMPERATURE Data FoR CELL A 


1 K f T I 
3 = =e ef 
452 —1.398 530 —1.358 
491 —1.381 484 —1.380 
510 —1.371 470 —1.386 
520 —1.364 
From 
dE 
Ne oe tal | Bioeth 5 
: | (=), | 2 


the observed heat change in the cell reaction at the concentration Nuci, = 
5.59 X 10-% is —69.4 kceal.-mole—!. This AH includes the heat due to the 
formation of complexes between the UCl; and the components of the 
eutectic. 

Thermodynamics of complex formation. By using measured values of 
E, Nuci,, and Nagci and values of H- from Hamer ef al.,° one obtains 
foci, from EQUATION 4 (TABLE 3). 

The value of the activity coefficient suggests that significant complexing 
occurs between UCl; and the molten salt. From cryoscopic and emf 
studies,**** it is known that the activity coefficient for AgCl in LiCl-KCl, 
where no complexing occurs, is unity and does not change over a wide 
range of concentrations. Hence it is reasonable to assume that the ac- 
tivity coefficients of all the individual types of ions (including U**) in the 
system UCl;-LiCl-KCl are unity (that is, after the complexing effect has 
been taken into account). 

According to Katz and Rabinowitch,” UCl; may form (in the solidus) 
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the compound K,UCl; with KCl. Assuming UCI; ~ to represent the com- 


plex concerned :* 
Uc Eacr = vcles (6) 
(1 m= a) N., o N. Cla aN. o 


where a is the degree of complex formation, N, the nominal mole fraction 
of UCI; , and Nei the anionic fraction of halide ions in the melt. 


TABLE 3 
Activity CoErricrients or UCI; 1x UCl;-KCI-LiCl at 463° C. 


UCls (mole fraction) fucis 
Tk LO 5 xX 1072 
3.4 X 10° 8 X 10°? 
5.6 X 107° 7X 107 

TABLE 4 


CoMPLEXING CONSTANT AND STANDARD FREE Enercy (7' = 463° C.) or Complex 
FoRMATION BETWEEN UCI]; AND Cl- IN THE MOLTEN STATE 


K AF® (kcal.-mole™) Mole fraction UCls 
17.2 —4,.2 Lew e105 
10.9 —3.5 3.4 X 107-3 
12:7 —3.7 5.6 X 1073 
Hence, 
: 
1 
1 — N. a . = = a 
( a) [ik N. [UCls] uncomplexed = [U*"] (7) 
and 
| et yee. 
ee (8) 
as Nei- = 1 (Ntc, K Nor-). 
From EQUATION 7: 
1 
foci; = leak (9) 


that is, K may be calculated from the value of fuci, obtained from EQua- 
TION 4 (TABLE 3). 


Values of K in relation to composition are given in TABLE 4 for a tem- 
perature of 463° C. 


* In view of the existence of Cl- as common both to the solvent and the solute, the 


fee results would be obtained for any complex ion subject to an equilibrium of this 
ype. 


ee ee a anaeied 
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In TABLE 5 the results are given for the complexing constant at various 
temperatures and at a concentration of Nuc, = 5.6-10-%. 

Mechanism of cathodic deposition. The singular behavior of the .poten- 
tial-time relations (FIGURE 9) may be interpreted as follows. 

Considering the portion AB, the depositing ions must consist of either 
Lit or U**. However, the potential corresponding to the plateau BE is 
—2.4 with respect to the Ag-AgCl reference (at Naso: = 2.2-10-). 

For the cell B: 


Lic | A8Cl 


Li | LiCl | Ag (B) 
KClixgy 


ol ee oe RT, aici , RT 


F Bg AIS tulaig WerBaina seed (sete 


TABLE 5 


THE VARIATION OF THE COMPLEXING CONSTANT FOR THE UCl;-Cl CompLex wITH 
TEMPERATURE: THERMODYNAMICS OF COMPLEX FORMATION 


T AF° AH° s 

mp. ° 

K (CC) (cal.-°C.1-mole™) 
(kcal. -mole=) 

14.1 450 —3.8 +21.7 

23.7 500 —4.9 E1120 +21.7 

38.8 555 —5.6 +21.1 


where AF?"“' and AF?" are the standard free energies of formation of 
IiCl and AgCl at 450°C. If ax; = 1 for the liquid Li phase formed at 
the cathode, then # should be —2.42 v. As the observed value is —2.4, 
it is evident that, in the time region corresponding to BE, Li is the deposit- 
ing entity. 

Conversely, the deposition potential of U*+ in the concentration used in 
the melt (at 450° C.) may be calculated to be —1.35 v. on the scale referred 
to above. Hence, U should be deposited before Li, unless the limiting 
current for U deposition is exceeded. It follows that the concentration of 
‘uncomplexed U*+ ions in the UCl;-LiCl-KCl at 450° C. (rasun 4) will 
have an order of magnitude of 10-* moles-cc.-! Also, Dys+ may be taken 
as about 6.10-5,4 z = 3, F = 9.6-10!, and 6 may be assumed to have the 


order of magnitude of 10-? cm. Hence, as 


tt it * Am2+ (11) 


then, 
(iz) yst ="6§.10-% amp.-cm.~? (12) 
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The apparent electrode area was of the order of 8 sq.cm.; hence, the 
limiting current for U*+ deposition would be expected to be 48 mAmp. 
However, the currents passed during the recording of the potential-time 
curves (FIGURE 9) were in excess of 7, for uncomplexed U*+ (but not for 
the nominal concentration of U%+ without complexing), thus allowing Li 
to be deposited in accordance with the agreement noted between the ob- 
served potential and that calculated for the Lit + e,~ — Li reaction. 

Thus, when the current is first turned on at the value corresponding to 
that of the potential-time curve of FIGURE 7, (that is, 50 mAmp.) it is 
expected that U deposits first. However, the transition time for the con- 
centration of U*+ ions of the order of 10-* mole-cc. is of the order of 1 
sec.; hence, the first observed readings (taken after an interval of about 30 
sec.) would not indicate this primary U*+ deposition, because Li deposition 
would have commenced about 1 sec. after turning on the current. Thus, 
about 5 min. after turning on the current, the cathode potential reaches a 
value of about —1.7 v. with respect to the Ag-AgCl reference electrode, 
and this value would correspond to an az; value having (from EQUATION 
10) an order of magnitude of 107°. 

During the course of the electrolysis, the concentration of U** in the 
solution increases because of its production from the dissolving anode. 
Examination of the pH of the melt at the end of a run suggests that there 
is free Li present in the melt, and this fact is consistent with the assump- 
tion that, for considerable periods, not all the UCI; produced at the anode 
(where there is no limiting current for U dissolution) is removed at the 
cathode. At the same time, the growth of crystals on the cathode causes 
a large increase in available surface area and, therefore, increases the limit- 
ing current for U* deposition. At H, these factors evidently have reached 
such a value that the over-all current density in the cell does not exceed 
that for U*+ deposition. This, therefore, now becomes the predominant 
reaction and, consequently, the potential of the cathode falls to a value 
corresponding to the (almost reversible) deposition potential of U*+. 

When the U** concentration is zero at the beginning of the electroly- 
sis there is a much longer plateau BH (FicurE 9) during which Li and U 
are codeposited (U being deposited largely by the secondary mechanism). 
At H, however, the area of the U cathode has grown to such an extent that 
the limiting current of U*+ deposition is no longer exceeded, and sufficient 
current can be carried by U*+ deposition. 

Furthermore, when the melt was stirred (B, Figure 9), the limiting cur- 
rent density for the deposition of U*+ was again increased to a value greater 
than the total current density, and the potential immediately fell to C. 
Removal of the agitation causes return of the potential to that for Li 
deposition. 

Thus, during the electrolysis of UCI;-LiCl-KCl, it appears that the con- 


"i ee. 
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ditions of concentration, current density, and agitation of the melt deter- 
mine whether primary deposition of Lit or U*+ will occur. 

Mechanism of formation of powdery and dendritic deposits. When, during 
the course of a potential-time relation, the electrode potential remained at 
a value corresponding to that of Lit + e, — Li, the U obtained was largely 
a nonadherent powder. Conversely, when the current had flowed for 
sufficient time for the potential to be reduced to that corresponding to 
U* + 3e. — U, the deposits obtained were relatively compact powders 
overlaid with dendritic growths. 

Furthermore, when the potential of the cathode was maintained in the 
region corresponding to that of U*+ + 3e,— U, then the dendrites were 
obtained in greater profusion the lower the current density. 

These results strongly suggest that the mechanisms of the formation of 
finely powdered or large crystal deposits of U are respectively the sec- 
ondary deposition of U, caused by a homogeneous liquid-phase reduction 
of UCI; by dissolved Li, and the primary deposition from U*+. 


ZIRCONIUM 


Experimental 
The methods used for Zr were analogous to those used for U. In melts 
not sufficiently purified from oxygen or water, ZrOCl, and ZrO. were 
formed. ‘The cell examined was: 


Agt | AgCl, LiCl-KCl } LiCl-KCl, ZrCls | Zr- (C) 


Results 


Current efficiency and metal purity. Only a small fraction of the cathodic 
product was essentially 100 per cent Zr metal. The majority of the 
cathodic product of the electrolysis of ZrCl, (1 to 5 per cent by weight) 
in the LiCl-KCl eutectic is, at temperatures in the range 400 to 500° C., a 
black powder, which was shown by analysis and current efficiency measure- 


ments to be ZrCl, .” 
Mechanism of electrode reactions. In reversible electrode reactions the 


over-all process occurring at the cathode can be represented, on the basis 
of the current efficiency measurements, by: 


Zrt+ + 4e,- — Zr 
Zrt+ + 2e,- — Zr?+ 
Tr+ + 2Cl — ZrCh | 


The anodic current efficiency was approximately constant, with time at 
100 per cent for Zr — Lr**. 
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Satisfactory measurements of the reversible electrode potential were not 
possible, because the rate of volatilization of ZrCl,, at the concentration 
levels used, caused concentration changes that gave rise to significant 
changes of cell emf with time. 

For electrode reactions under current flow (with current-potential relation 
at constant time) typical examples of the cell potential-current density rela- 
tion (taken at intervals of a few minutes) are shown in FIGURE 10. The 
qualitative differences must be noted between results obtained shortly 


RECORDED 
IN THIS ORDER 


CELL VOLTS 
o Oo oa 
+ ® @®@ Oo 


°o 
nm 


0 io 20 30 40 50 60 70 
CURRENT IN mAmp. 


Figure 10. Cell volts in relation to current in a Zr/ZrCl, , LiCl-KCl system; 
Zr anode. ; 


after commencing polarization and those obtained after successive current- 
potential curves had been measured during a period of about one hour. 
Similar results for individual cathodic and anodic current-potential rela- 
tions are shown in FIGURE 11. 
The behavior for cathode and anode, in the case of potential-time rela- 
tion at constant current, and including the effect of stirring, is shown in 
FIGURE 12a and b. 


Discussion 


The main features of the behavior of the Zr deposition resemble those 
of U. Thus, the relations of current to cell and electrode potentials are 
consistent with formations of alkali metal at short times after turning on 
the current. The cathode potential-current and cell potential-time rela- 
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tions are also consistent with this mechanism. At later times, after suffi- 
cient Zr has built up by means of the secondary electrode process, the 
effective area of the cathode has increased sufficiently so that the actual 
limiting current density for Zr comes within the range of the actual current 
through the cell, whereupon the deposition of Zr becomes primary and 
the electrode potential drops to the appropriate corresponding value. Con- 
sequently, the effect of stirring also can bring about a change from sec- 
ondary to primary Zr deposition, in agreement with the results of FIGURES 
12a and b. 


© (1) CATHODE ROTATED 


(4) CATHODE STATIONARY 


SEE VOLTAGE 
TRANSITION 
ABOVE. 


ELECTRODE POTENTIALS vs REFERENCE (v.) 
nn 
(e) 


= 10 20 30 40 50 7) 70 
CURRENT IN mAmp. 


Ficure 11. Electrode potentials in relation to current in a Zr/ZrCl, , LiCl-KC 
system; Zr anode. 


THORIUM 


Experimental 


The experimental methods used with Th were substantially the same as 
those for U and Zr. The cell examined was: 


Agt | AgCl, LiCl-KCl ! KCIL-LiCl, ThCl, | Th- (D) 


Results 


Current efficiency and metal purity. The cathodic current efficiency was 
about 74 per cent, and the cathodic metal gave the same analysis as that 
of the metal used (in anodic dissolution) to prepare the solution of ThCl, 
in LiCl-KCl. 

The anodic current efficiency was 100 per cent for Th — Th*t + 4e,-. 
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Mechanism of electrode process. For the reversible electrode reaction, 
the dependence of the reversible emf of cell D, according to concentration 
of ThCl, and temperature is given in FiGuRES 13 and 14. Fieure 15 
shows electrode reaction under current flow with current-potential relation 
at constant time. 


CATHODE 
1-0 0-62 V 


ANODE 


r 2 3 4 5 6 7, 
TIME (HRS.) 


ELECTRODE POTENTIAL VS. REFERENCE (V.) 
o 


~COMMENCED MELT AGITATION 


(v ) 


a- COMMENCED MELT 
AGITATION 


CEASED MELT 
AGITATION 


CELL VOLTAGE 


{o) 10 20 30 40 
TIME (MIN) 


b 


Figure 12. (a) Electrode potentials in relation to time at 
: tant 
mAmp.); Zr/ZrCl,, LiCl-KCl. Zr anode and cathode; epithind ba Ac bobbie: 


(b) Cell voltage in relation to time at constant : 
LiCl-KCl. Recorded near end of electvellesia: or age Sabana aan akc 
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(Vv) 


EO MAE 


| 1 1 ee | ee 
=2:5f -2.8- -29 -30 -3.| -—3.2 —-3.3 -3.4 -3.5 -3.6 -—3.7 -3.8 -3.9 —4.0 


LOGio Nraci, 


Fieure 13. £ in relation to logis Nricy (420° C.) for the cell Th/ThCl, , LiCl- 
KCl glass LiCl-KCl, AgCl/Ag. 


1.60 


TEMP. COEFFICIENT OF EMF = 0.62 mv °Cr! 
“Qs For cell reaction (Th Cle =1.40XI0-°N, 


AgCl= 2.2x 10-*>N) = 57.2 cal, °C>' mole-', 
AH=—96,150 cal. mole' at 450°C. 


1.58 


1.56 


154 


1.52 


= 1.50 

> 

an 4.12x 1074 N 

. i48 ie 

= 

wW 1.46 1.40 x10-2N 


144 


142 
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Figure 14. The emf in relation to temperature for the cell Th/ThCl, , LiCl-KCl 
glass LiCl-KCl, AgCl/Ag. 
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Discussion 


Nature of the over-all reaction. The Nernst equation is essentially appli- 
cable, although the scattering of points is considerable. The e-log Noni, 


600 -- 
-;— Eutectic after pre- 
electrolysis carbon anode. 
500 A- Eutectic before pre— 
electrolysis carbon anode. 
O- Eutectic + ThCl, after 
Ist pre-electrolysis- 
Seo O- Eutectic + ThCl, after 
2nd pre-electrolysis. 
< 
E 
~ 300 s 
= 
2 
w 
ra 
5 200 
° 
Decomposition 
100 


CELL VOLTAGE (V.) 
Fieure 15. Cell volts in relation to current; Th/ThCl, , LiCl-KCl. 


TABLE 6 
Activity CoEFFICIENTs or ThCly 1x ThCl.-KCI-LiCl at 420° C. 


ThCk (mole fraction) ftnck 
1.4 X 10° 1.1 X 10-5 
4.12 X 1074 1.2) X&-105® 
119s 10-8 4.8 * 1075 
3.17 X 1074 2.5 X 1075 
1.31 X 10-4 5.0 X 10-5 


plot is consistent with a value of n between 3.7 and 4.5 and therefore con- 
sistent with the value of 4 corresponding to 


Tht; 4¢o° ea oh 


This reaction is doubtless the predominant potential-determining reaction 
at zero current flow. The current-efficiency information suggests the in- 
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troduction of a second electrode reaction at passage of a net current. The 
reaction probably is: 


Th** + 2e-- — Th2+ 


identified as occurring in a recent polarographic examination of Smirnov 
and Yushina.“ 
Thermodynamics of the cell reaction. The cell reaction is: 


Th + 4AgCl = 4Ag + ThCl, 
Hence, at equilibrium: 


RT lea 
B= pe Hi ae Ane In Arnci, + Fr In Qagc1 


E™™ is the emf corresponding to the free energy of formation of 


where 


TABLE 7 


COMPLEXING CONSTANT AND STANDARD FREE Enerey (7' = 420° C.) or Compiex 
ForMATION Between ThCl, anp Cl 1n THe MoutTen State 


K AF°® (kcal.-mole“) Mole fraction ThCh 
oll Sc ale —15.8 1.4 X 10° 
8.3 X 104 —15.7 4.12 X 10-4 
2.1 X 104 —13.8 1.19 X 10° 
4.1 X 104 —14.7 3.17 X 10-4 
2.0 X 104 —13.7 Week >< sO 


pure ThCl, from the elements, at 7’ °K and 1 atm. pressure; other terms 
are analogous to those defined in the section URANIUM. 

Hence, with the same assumptions as those made in the case of U, analo- 
gous thermodynamic calculations can be made. The results of these are 
given in FIGURE 14 and TABLEs 6 to 8. 

The thermodynamic data for the complex Th-containing anion indicates 
a much greater degree of complex formation than do the values with UCI, , 
in agreement with the qualitative conclusion of Smirnov and Yushina,** 
and consistent with the increased pone power of Th*t as compared 
with that of U**. 

Mechanism of cathodic deposition. The higher degree of complexing of 
Th‘+ as compared with that of U*+ suggests that a secondary mechanism 
should predominate, and that the current-potential curve should show only 
alkali metal deposition, or a very low limiting current, succeeded by a 
large increase in current corresponding to alkali metal deposition (the latter 
case is exactly that observed, for example, with UCl,). 

In fact, however, for the ThCl, system, no limiting current. is observed. 
Furthermore, the value of the potential at which steady deposition occurs 
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is nearly equal to the potential exhibited by the reversible Th electrode at 
the same concentration (compare FIGURES 15 and 13). 

In this case, therefore, it seems as though a primary deposition of Th is 
occurring, but at a value exceeding the current density that would be ob- 
tained from Th‘+ ions at the concentration indicated by the complexity 
constants. These facts suggest that the dissociation of the complex anion 
occurs to yield the equilibrium number of Th*t ions at a rate equal to that 
at which they are removed by electrolysis.“ 


CERIUM 


Experimental 


The technique used with Ce is similar to that used for the previous 
metals. Care was necessary in the preparation of CeCl; by means of the 
reaction of Ce with PbCl, because of the explosive nature of the reaction. 


TABLE 8 


THE VARIATION OF THE COMPLEXING CONSTANT FOR THE TICIy-Cl ComPpLEex 
WITH TEMPERATURE: THERMODYNAMICS OF COMPLEX FORMATION 


e AF? | AH? oe 
K ron Etta is -.° se (cal. -°C.—1-mole™) 
(kcal. -mole“) 
105%" X10 400 —15.6 +13.1 
6.8 X 104 450 —16.1 —6.8 +12.9 
5.53 & 104 500 —16.9 +13.1 
The cell examined was: 
Agt| AgCl, LiCl-KCl ! LiCl-KCl, CeCl, | Ce~ (£) 
Results 


The anodic current efficiency was about 108 per cent. The high value 
is significant and probably depended upon the existence of the reaction :°:% 


Ce + 3LiCl —> 3Li + CeCl, 


The cathodic current efficiency was determined by removal of Ce from 
the melt, and detected by observation of the number of coulombs needed 
to cause the current-voltage (I-V) curve to return to the value obtained 
in the absence of Ce. The efficiency was 100 per cent. 

The current efficiency figures indicate that the metal deposit had a pu- 
rity of 100 + 1 per cent. The pyrophoric nature of the freshly prepared 
material prohibited direct analysis of the metal. 

The metal always was obtained in a finely divided form mixed with 
alkali metal (indicated by the results of reaction with water). The metal 
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was soft and, when cut with a knife, exhibited a faint straw color (probably 
due to formation of the yellow CeO,-H,0). 

Mechanism of the Ce*+ + 3e,- > Ce reaction. Electrode reaction under 

current flow (with current-potential relation at constant time) shows that 
the current-potential curve for Ce is very close to that of the alkali metal 
(FIGURE 16). 
_ With respect to reversible electrode potential, TaBLE 9 shows the depend- 
ence of the potential of Ce upon the amount of added CeCl;. There is a 
negligible dependence upon concentration; the dependence on temperature 
is shown in FIGURE 17. 


Discussion 


The constancy of the reversible potential with addition of CeCl; doubtless 
has an explanation similar to that given for the cell*” 


Ti | TiCl;-TiCl, LiCl-KCl ' AgCl, LiCl-KCl | Ag 


Thus the reaction of Ce with LiCl gives rise to an equilibrium quantity of 
CeCl; and the addition of further amounts of CeCl; only forces the equilib- 
rium to the Ce metal side and makes little change in the net concentration 
of CeCl; in the solution. 

The initial electrode process corresponds to a mixed primary and sec- 
ondary reduction of Ce, as was evidenced by the large amount of alkali 
metal in the deposit. After considerable periods of electrolysis, the poten- 
tial of the working cathode was reduced, corresponding to an increased 
component of current due to the primary deposition of Ce, which was 
brought about by the increase in surface area effect discussed above. 


SUMMARY 


(1) The technique of thermodynamic studies of molten salts by means 
of experiments on galvanic cells and the processes occurring at working 
electrodes is described. 

(2) Measurements of the dependence of the reversible, or stationary, 
electrode potential upon concentration, temperature, current density, and 
time are described for the systems U/UCI; ; Zr/ZrCl, ; Th/ThCl, , and 
Ce/CeCl; . 

(3) U deposits with 100 per cent current efficiency according to U*T + 
3e,- > U. It is complexed mainly in an alkali chloride eutectic to a com- 
plex anion. The thermodynamic parameters of this complex are given. 
In the deposition, alkali metal at first deposits and gives rise to secondarily 
produced U, indicated by an electrode potential that corresponds to Li 
deposition. Conditions can be achieved such that the potential at which 
the U is produced becomes much less negative; that is, primary deposition 
of U is occurring. In the former state, the U is powdery; in the latter, 


dendritic. 
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Figure 16. Cell voltage in relation to current (steel cathode and carbon anode); 
CeCl; , LiCl-KCl system. 
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(4) For Zr, satisfactory reversible potentials could not be recorded. 
The deposition mechanism is analogous to that for U. 

(5) The potential of the reversible Th electrode is controlled by the 
reaction Th*t + 4e,- — Th. In the cathodic deposition, the reaction 
Th** + 2e,- — Th? also occurs. Complexing with Cl- takes place much 
more completely for Th than for U. The thermodynamics of such com- 


TABLE 9 
POTENTIALS OF THE CELL FE 


Weight of CeCl3/KCl added emf Temp. 
(gm.) (v.) CC.) 
—2.069 435 
0.04 —2.069 415 
—2.064 415 
—2.067 415 
0.25 a, 415 
—2.058 420 
0.50 oe 418 
2.050) 
2.045 O 
2.040 
Zz 
2.030 
£ 
2:02 
2:015 O 


440 450 460 470 400 490 SO 


AIO 420 430 
Temperature (°c.) 


17. The emf in relation to temperature (V = 4.57 X 10~*); for the cell 
CeCe LiCL-KCI glass LiCl-KCl, AgCl/Ag. Temperature coefficient of emf = 
0.52 mv.-:°C.-! Therefore AS for cell reaction (CeCls = 4.57 X 10 N ; AgCl = 
2.2 X 10-8 N) = 36.1 cal.-°C.-mole™, and AH = —115,000 cal.:mole™ at 450° C. 
This concentration of CeCl; was added externally. 
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plexes are calculated. For the deposition reaction the results are con- 
sistent with the hypothesis that dissociation of the complex halide allows 
direct deposition of Th at current densities greater than those correspond- 
ing to the concentration of Th*t as indicated by the thermodynamic meas- 
urements. 

(6) The Ce electrode undergoes reaction with the solvent to form CeCl; , 
and this buffers the electrode, which becomes insensitive to the CeCls con- 
centration. In the deposition, a mixed primary deposition of alkali metal 
and Ce occurs at first, and is followed by increasingly primary deposition 
of Ce. 
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ACTIVITIES IN MOLTEN SALT MIXTURES OF POTASSIUM- 
LITHIUM-HALIDE MIXTURES: A PRELIMINARY REPORT 


E. Aukrust, B. Bjorge, H. Flood,* T. Fgrland 


Institute of Silicate Science, Norwegian Institute of Technology, Trondheim, Norway 


General Experimental 


The chemistry of molten salt mixtures still is to be considered as a recent 
field of research, and very much of the basic empirical information still is 
missing. This missing information seems necessary to obtain a clear pic- 
ture of even the most general rules. 

If, for example, the simplest systems, binary mixtures of salts with one 
common ion, are considered, fundamental questions such as the following 
are still far from being answered satisfactorily. 

How do the deviations from ideal mixtures depend on the charge, radius, 
polarizability, or electronic shell type of the three participating ions? 

In the investigations reviewed below we present a contribution to one 
aspect of the question: How do the deviations from ideality depend on the 
size of the common ion? 

We elucidate this question by examining the following systems: (K-Li)F, 
(K-Li)Cl, and (K-Li)Br, using experimental data from phase diagrams 
combined with calorimetrically determined heats of mixing. The K-Li 
combination was chosen in order to avoid systems with solid solubility. 

From the phase-diagram values of the activity of a component, inde- 
pendence of composition is available. The liquidus curve, however, gives 
the free energy of the component by a simultaneous variation of both 
temperature and composition, which generally will make it difficult to 
separate the free energy into an entropy term and a heat-content term. 

Furthermore, it is desirable for the phase-diagram calculations to have 
an independent determination of the heat of fusion of the component, as 
the calculation of a heat of fusion from the phase diagram generally will 
require some knowledge of the species of the liquid mixture. 

Finally, it is desirable to know the difference in specific heat of the com- 
ponents in the fused and solid states. This difference enters as a correc- 
tion term in the equation for the activity from the liquidus curve 


ee an (1 =F) 40,| 2, - r(1 ae | 
T; T 


for a binary mixture A-B with no solid solution; AC, is the difference in 
specific heat for liquid} and solid A. 


* Visiting Professor, Department of Engineering, University of Californi 
Angeles, Los Angeles, Calif. . = te eae i 


+ More exactly, the partial molar specific heat in the mixture. 


830 


Aukrust et al.: K-Li-Halide Mixtures 831 


Calorimetric measurements thus are a most valuable supplement to 
phase-diagram investigations. In addition, by combining phase-diagram 
data with calorimetrically determined heats of mixing, information regard- 
ing the entropy of mixing can be obtained. 

We shall not go into details regarding the experimental methods that 
followed those described in detail in earlier papers.’*” Earlier investiga- 
tions on the Li-K-halide phase diagrams””” were not of sufficient accuracy 
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LiF-KF 


Ficure 1. Phase diagram for the system LiF-KF. 


for our purpose; it was necessary, therefore, to reinvestigate the systems. 
The liquidus curves of the phase diagrams were determined by thermal 
analysis, by high-temperature filtration, and also partly by a visual method 
of observing the temperature at which the first formation of crystals was 
visible. These crystals were formed directly on the thermo element dipping 
in the melt. The high-temperature filtrations in the system KBr-LiBr 
were combined with an examination of the possibility of formation of solid 
solutions, using small additions of a radioactive cation (Co%) that was 
unable to enter the KBr and LiBr lattices.2 Within the limits of experi- 
mental error no formation of solid solutions was detectable. The resulting 
phase diagrams are shown in FIGURES | to 3. 
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The heat content of the alkali halides and their mixtures were obtained 
with a calorimeter similar to that first used by Oelsen and his co-workers,’ 
and later modified by Tashiro.t As the calorimeter still is undergoing im- 
provements, the results obtained should be considered as preliminary only. 
A more rigorous treatment of calorimetric and phase-diagram data awaits 
more accurate measurements, which we hope to complete in the near future. 
The values obtained for the heat of fusion of the pure components are 
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Figure 2. Phase diagram for the system LiCl-KCl. 


shown in TABLE 1. The limits of error for these measurements are of the 
order of magnitude 0.2 keal. (TABLE 1). 

For LiF and KF there is satisfying agreement between data calculated 
from our phase diagrams and previously published calorimetric values. 

Regarding KCl, the calorimetric value of Lyashenko® is 0.4 kcal. lower 
than our phase-diagram value. Our preliminary calorimetric value is in 
agreement with the value from the phase diagram. 

Regarding LiCl, LiBr, and KBr, our phase-diagram values are definitely 
higher than those given earlier in Kelley’s compilation. Our preliminary 
calorimetric values support the phase-diagram values. 

The heat of fusion of the eutectic mixture of LiCl-KCl recently was re- 
ported by Solomons et al. to be 3.20 + 0.06 kcal. This is in agreement 
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with our preliminary value, 3.3 kcal. with limits of error of about -£0.2 
keal. 

From the calorimetrically determined heat content-temperature curves 
one can estimate also the correction term due to specific heats in the equa- 
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FIcuRe 3. Phase diagram for the system LiBr-KBr. 
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tion for the liquidus curve of the phase diagram. For temperature ranges 
not very far from the melting point of the compounds this correction is 
insignificant. At about 100° C. from the melting point the correction is 
of the order of 50 cal. However, for temperature ranges of about 400° C. 
from the melting point, as occurs in the region of the eutectic composition, 
the correction term increases to an order of magnitude of 200 cal. The 
correction is of such a magnitude that it will tend to straighten out the 
curves for the activity coefficients of one component as compared to the 
square of the fraction of the second component. This means that the 
deviations from regular solution in this area of compositions are definitely 
smaller than that appearing from the calculations based on phase-diagram 
data alone. 


TABLE 1 
Heat or Fusion (KCAL./MOLE) 


From phase From calorimetric Previously published 
agrams measurements values 
LiF 6.5 6.417 
KF 6.7 6.758 
KCl 6.5 6.4 6.415; 6.16 
LiCl 4.3 4.6 3.25 
LiBr 4.1 4.5 ca. 3.0° 
KBr 6.2 6.7 ca. 5.05 
Discussion 


The activities calculated from the phase diagram according to the for- 


mula 
AH; {1 1 
1 A et Bk 
seen R ( 7) 


demonstrate that in all three systems there are considerable negative devi- 
ations from ideality. 

Next, we are interested in which direction the deviations from ideality 
change with the size of the anion in the three halide systems. As the phase 
diagrams give data at temperature ranges, it is convenient to compare 
RT In y = Fa — Feaciaeaty Which, in regular mixtures, should be the same 
as the partial molar heat of mixing H. In ricure 4, RT In y; is plotted 
against N,?. 

It seems evident that the activity-coefficient curves are asymmetrical 
and, furthermore, that there are no definite systematic trends in the devia- 
tions from ideal behavior when comparing the Li-K mixtures in F, Cl, and 
Br milieu. For the Li components the deviations are greatest in the 
fluoride system; the potassium components show greatest deviations in 
the fluoride and chloride systems (about the same in both). This some- 
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what unexpected sequence may be due partly to the use of the approxi- 
mate formula of log a. This, however, cannot change the important state- 
ment that the effect of an anion exchange from F to Br evidently cannot 
be very large. Both the nonlinear slope and the differences in the y; and 
2 functions indicate that our systems do not fit too well simple symmetrical 
activity expressions of the type 


RT Inyi = ON2 


Assuming, however, an ideal entropy of mixing, it follows from the values 
of FIGURE 4 that the maximum integral heat of mixing should be of a 
numerical order of magnitude <0.8 kcal. (Br), 0.9 to 1.0 keal. (Cl), and 1.2 
keal. (F). 

For the system (Li-K)Cl there are three different calorimetric values of 


TABLE 2 
System AH xkeal. 
= N RT lny 
Li K 115° & 
40 60 —0.6 
Cl 58.5 41.5 —0.9 + 0.2 —1.0 
70 30 —0.9 
650° C. 
Br 40 60 —0.65 —0.8 


the integral heat of mixing and for the system (Li-K)Br, one. These 
values are shown in TABLE 2. 

Remembering that the phase-diagram values are expected to be numeri- 
cally too high (as calculated from the approximate formula), our present 
results seem to indicate that at least a larger part of the difference F — 
F acai arises from AH mixing , and only a minor, if any at all, from deviations 
from ideal entropy. Compared with the values of RT 2.1 keal. (775° C.) 
and 1.8 kcal. (650° C.), this result seems reasonable. At the eutectic tem- 
peratures (~350° C., RT’ = 1.2), however, deviations from random dis- 
tribution might be of more importance. 
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A QUASI-LATTICE MODEL OF MOLTEN 
RECIPROCAL SALT SYSTEMS 


Milton Blander 
Oak Ridge National Laboratory,* Oak Ridge, Tenn. 


Jerry Braunstein f 
Department of Chemistry, University of Maine, Orono, Maine 


Abstract 


The activity coefficients yp of the component AD have been calculated 
theoretically, using two different approximations based on the lattice 
model for the molten reciprocal salt system At, B+, C-, D-. The first is 
the asymmetric approximation in which the groupings AC}°™” are in- 
cluded where n < Z. This leads to the relation 


Cia | er 


No- 


where Z is the lattice coordination number, 8 = e -”/”", and AE is the 
relative energy of interaction of a mole of At+-C~ pairs; X, the fraction of 
positions adjacent to an A+ ion that are occupied by C™ ions, can be cal- 
culated from the distribution function for the asymmetric approximation 
in terms of Z, AH, and the concentrations of all the ions in solution. The 
second or symmetric approximation includesthe groupings A,,C,°" ” where 
m and n are any integers. This method leads to the relation 


lim Fo" 

Yap = (; = Go) (2) 
where Y can be calculated from the distribution function for the symmetric 
approximation in terms of Z, AF, and the concentrations of the ions in 
solution. 

The activity coefficients of AgNO; in the two molten solvents KNO; 
and NaNO; dilute in Ag+ and Cl- ions were measured in an electromotive- 
force (emf) cell. The activity coefficients of AgNO; , Yaeno;, are much 
lower in the KNO; solvent than in the NaNO; solvent at the same tem- 
perature and at the same concentrations of Ag+ and Cl- ions. The con- 


centration dependence of yagno,; in the KNOs solvent corresponds more 
closely to the concentration dependence of yap as calculated from the 
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asymmetric approximation (for Z = 6, AE = — 5.65) than to the concen- 
tration dependence calculated from the symmetric approximation. In the 
NaNO; solvent, the concentration dependence of Yaeno, Corresponds more 
closely to the calculation based on the symmetric approximation (for Z = 
G, AE = —4.5s). 
The differences between the behavior in the two solvents can be corre- 
lated with the relative sizes of the K+ and Na* ions and with the relative 
effects of the fields of these two solvent cations on the energy of interaction 
of an Agt-Cl pair. 


Introduction 


The concept of complex ions has been used so freely and in so many 
different senses in describing molten salt solution behavior that its mean- 
ing has become unclear. Even simple physical theories may help to sepa- 
rate the different physical factors that cause nonideal solution behavior 
and may lead to better-defined and more general descriptions of molten 
salt behavior. In this paper a quasi-lattice model for molten reciprocal 
salt systems is described, and calculations based on this model are com- 
pared to experimental measurements of the activity of AgNO ; in the 
KNO;-AgNO;-KCl system and in the NaNO;-AgNO;-NaCl system. The 
theory demonstrates one fallacy in the description of molten salt behavior 
in terms of complex ions. 

Reciprocal molten salt mixtures are those containing at least two cations 
and two anions. The equations for the solution behavior of an ideal 
reciprocal salt solution are given by Temkin.! The first physical theory 
of a nonideal reciprocal salt solution was the quasi-thermodynamic theory 
of Flood et al.,2 which, although incorrect, was valuable in the derivation 
of the theory given here. The method of calculation from the quasi- 
lattice model described here is similar to that used in the quasi-chemical 


theory.’ 
The Quasi-Lattice M odei 


The quasi-lattice model has been described previously. While it is 
certain that molten salts are not perfectly ordered arrays of ions, a lattice 
model can be justified since free-energy differences are calculated between 
two liquid states, each of which is approximated by a lattice, and most of 
the errors stemming from the use of a lattice model are eliminated. 

The simplest reciprocal salt system is that containing two cations, At 
and Bt, and two anions, C- and D-. The lattice model is an assembly of 
these ions in a vacuum and consists of two interlocking sublattices, one a 
lattice of cations A+ and Bt and the other a lattice of anions C~ and D-. 
The nearest neighbors of the cations are anions and of the anions, cations. 
All of the ions have the same coordination number, Z. The model is 
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restricted to the case in which cations and anions, respectively, have the 
same size and charge. This eliminates any difference in the coulombic 
interactions between A+ or B+ ions or C- or D~ ions and the solution, and 
limits the model to short-range extracoulombic interactions. Further, a 
nearest-neighbor relative interaction between A* and C™ ions is postu- 
lated such that the energy of interaction of an At-C~ ion pair that are 
nearest neighbors is not zero. Ficure 1 is a two-dimensional represen- 
tation of the lattice. The interchange of the circled D~ ion that is adja- 
cent to one At+ and (Z — 1)B* ions with the C~ ion that is adjacent to 
ZB+ ions gives rise to an energy change Ae = (AE/w), where w is Avoga- 
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Fiaure 1. 


dro’s number. Defining the pair interaction energy of At+-D~ as e, , Bt-C— 
as €2, A+-C~ as e;, and B+-D- as e« , then 
AE 


Ac=a+e—@—a=— (1) 


The Asymmetric Approximation 


The asymmetric approximation has been described previously in more 
detail* and only the salient features will be discussed here. In this ap- 
proximation the interaction of an A+ ion with as many as ZC> ions is 
included with each At-C™ pair interaction having an energy Ae. A C@ ion 
can interact, in this approximation, with only one At ion. This approxi- 
mation thus includes the groupings ACE“ ”, where n < Z. 

The positions in the anionic lattice are divided into two types, a and b. 
Type a positions are those adjacent to one A+ ion and (Z — 1)Bt ions; 
type b positions are those adjacent to ZB+ ions. In solutions dilute in A+ 
ions and for the case in which a C~ ion will interact strongly with only one 
A* ion, those C~ ions adjacent to more than one A+ ion may be neglected. 
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The C~ and D~ ions are distributed between positions of type a and b. 
The relative energy of a C~ ion in an a position is Ae. 

The most probable distribution of C- and D- ions was calculated by 
maximizing Q’, the total number of ways of distributing C- and D- ions 
in regions a and b, under the restrictions of constant total energy and ata 
constant number of C~ ions. The most probable distribution function is: 


( xX ) et Ne- — ZXNat+ : (2) 
1— X 1— Z(1 — X)Nat — Ne- 

where N 4+ = [(na+)/(n4+ + ng+)] and is the cationic fraction of At ions, 
where N-- = [(nc-)/(mce- + np-)] and is the anionic fraction of C ions, 


. . . —_ A 
and where n;+ is the number of moles of the 2’th ion, B = ¢ @”/"” = 


aa *?) and X is the fraction of positions adjacent to an A* ion that are 
occupied by C~ ions. Since the dilution of the solution to infinite dilution 
of At and C™ ions will separate all the A+-C— pairs, the total heat of dilu- 
tion is given by the negative of the total energy of interaction of all the 
At-C~ pairs: 


—AHai, = Zn4+XAE (3) 
The total entropy of solution is given by 
AS = kIn Qr (4) 
where 
= Olea : 
and where 


[Zna+N]![(nc- + no- — Znat)n]! 


Ee [Znatn (1 — X)]!"ZnatwX]![(mv- — Zna+(1 — X))]! (6) 
[(ne- — Zn4t+X)n]! 


The approximation given by Equation 5 implies that there is no correla- 
tion between the positions occupied by At ions. By combining EQuaATIONS 
2, 3, 4, and 5 to obtain the total free energy of dilution, and differentiating 
with respect to nap, the equation 


2 Z xX (Z—1) 
Pip — Fay = RT In Nat (1 — X) (1 an (7) 


is obtained,* where the asterisk as superscript denotes a standard state 


* BquaTions 2, 3, 5, and 6 can be given in terms of n4+ , Net and no-. The choice 
of three components AD, BC, and BD leads to the substitution of nap = Nast NBO = 
nc-, and ngp + nec = Nst. It is easy to show that differentiating with respect 
to nap in the substituted expressions is the same as differentiating the original ex- 


pression with respect to a+. 
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chosen such that the activity coefficient is unity at infinite dilution. If 
the activity coefficient y4p is defined by the equation 


Fae =e 1 rks = RT In Nut+No-vao (8) 


(rary ee Nee 
VAD ee (1 = B(1 ce mn (9) 


The Symmetric Approximation 


then* 


In the symmetric approximation, the method of Guggenheim’ is applied 
to the calculation. The assumption is made that the relative energy of 
interaction of any given pair of ions that are nearest neighbors is the same, 
independent of the local environment. This is equivalent to the assump- 
tion of the noninterference of pairs. The energy of interaction of the pair 
At-C-, Ae, is given by EQUATION 1 as in the asymmetric approximation. 
In the symmetric approximation a given C~ ion may interact with as many 
as ZA+ ions, and an At ion with as many as ZC™ ions, the relative energy 
of each interaction being Ae. This approximation includes all groupings 
of A+ and C- ions A,,Ci®™”, where m and n can be any integer. In 
dilute solutions of A+ and C- the major groupings will be for small m and 
n. 

The four types of pairs are A+-D-, Bt+-C-, At+-C-, and B+-D-, and the 
total number of all these pairs is Z(n4+ + ng+)w. If Y’ is defined as the 
fraction of positions adjacent to the At ions that are occupied by C- 
ions, then the number of pairs of each kind and the total energy of such 
pairs are as given in TABLE 1. R,’ = Zn4+n and is the number of posi- 
tions adjacent to all the A* ions; Ry’ = Znz+n and is the number of posi- 
tions adjacent to all the Bt ions; S,’ is the number of positions adjacent 
to the At ions occupied by C~ ions; and S,’ is the number of positions ad- 
jacent to the B+ ions occupied by C@ ions. 


* An alternate derivation of Equation 9 can be made by evaluating the integral 


AFF ‘pea (7 (1/T")=(1/T) 1 
its AHaii, d z) = / ZnatXAE d (=) i 
p a/r')=0 ” a/r’)=0 i ay e 


to obtain AF'#, the total excess free energy of dilution. The lower limit of integra- 
tion is fixed, since (AF'#/T’) > 0 as (1/T’) +0. Differentiating AF#(T) with reeneee 
ton 4 D leads to EQUATION 8. This method of calculation has been discussed by Gug- 
genheim. 

It is interesting to note that the need for the lattice model may be eliminated by 
use of EQUATION 7 if two regions for possible occupation by C~ ions are postulated. 
One region is the coordination sphere adjacent to At ions with relative energy Ae: 
and volume », , and the other region is of volume » and zero energy. If X is defined 
as the fraction of v, occupied by C~ ions, Z as the maximum number of C- ions that 
can fit into the coordination sphere of one At ion, and v, is set equal to nc- + Np- — 
Zna+, then it is easy to derive EQUATION 2 without the lattice model. Substitutin 
for X in EQUATION 3, AHaii, is obtained; from it AF¥ and mQquaTION 9 may be derive 
by use of EQUATION i. The lattice model is thus merely a method of choosing v 
vp , and reasonable values of Z. << 
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The number of ways of distributing these pairs, w,’, is: 


in (Ra + Ry’)! 
(Re Sis? Cy = Si) 1S," 


ws’, when summed over all possible values of Y’ , leads to an incorrect 
value for the total number of configurations. A normalization factor that 
will correct for this can be calculated.’ With the normalizing factor the 
combinatory formula becomes 


(10) 


Ws 


y _ Sal!(Ra’ — Sa!)!Ss'1(Rat — Sot) rat + me+)n] !(re- + no-) x]! 
© Sa l(Ra’ — Sa')'S6!(Bs’ — 8s’)! (a+) !frrstn] ! (ew)! (pw)! 


(11) 


where the superscript dagger on a symbol means that the value of the 
quantity represented by that symbol is for a random distribution of the 
ions (that is, Y’ = N--). If one maximizes Q,’ under the condition of 


TABLE 1 
Type of pair Total number Total energy 
At-D- Znax (1 — Y’)w = R,' — Sa’ 0 
Bt-C- Z(nco- — naY’)N = Sz’ 0 
At-C— Zn 'N = Sq’ ZnatY ‘Ac 
Br-D- Z(ngt — Nc- + naY')N = Rp’ — Sp’ 0 


constant total energy and constant number of the ions involved, the most 
probable distribution of ions is obtained: 


Gs. 
fo Net — Ne- + Nat¥ 
where the absence of a prime on Y (or Q,) denotes the values of Y’ (or 


Q,’) for the most probable distribution. The total heat of dilution is* 
—AH aii. = Znat YAH (13) 


and the total entropy of solution is 
AS = klnQ, (14) 
By combining Equations 13 and 14 to obtain the total free energy of 


dilution, substituting for ®, and Y from Equations 11 and 12, and differ- 
entiating this quantity with respect to nap, the following equations are 


obtained: 
f ee oe he ee 
Ry peep =e ln tN o- gas ( 
* The equations to be derived can be obtained by the integration of EQUATION 7 


in the preceding footnote.’ The introduction of the normalizing factor is equivalent 
to setting (AF#/T’) = Oat (1/T’) = 0. 
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Yap = (51 (16) 


Critique of the Approximations 


and 


The approximations used in the calculations place limitations upon the 
derived equations that are independent of any limitations imposed by the 
use of a lattice model for liquids. Since the model has been restricted to 
nearest-neighbor interactions the theory should, strictly speaking, not be 
applicable to systems in which either the cations or the anions have a 
different size and charge. The form of the derived equations is, however, 
probably good in many cases for dilute solutions of A*+ and C™~ ions in 
such systems. 

Another restriction is the one imposed by assuming that the energy of 
interaction of each nearest-neighbor pair is the same. For example, in 
the equation 


AO an. tela Sane hee 1. < nse 


which represents all the interactions accounted for in the asymmetric ap- 
proximation, the assumption has been made that the values of Ae, are 
equal for all the n. If there were a saturation effect on At-C~ pair inter- 
actions such that | Ae | > | Aes |, then the calculated activity coefficients 
yap for negative values of Ae, would be too low for values of X large 
enough for the existence of an appreciable fraction of the AC.- groupings. 
In the asymmetric approximation, interactions 


ACTO™) At A.CHt™ Ae 


are completely neglected. If groupings A,Ct°™ exist then at such high 
concentrations of A+ ions that there is an appreciable number of these 
groupings present, the values of yap calculated from the asymmetric ap- 
proximation will be too high. In the symmetric approximation Ae, = Ae . 
If there is a saturation effect on A+-C™ interactions such that | Aea | < | Ae |, 
then the activity coefficients calculated from the symmetric approximation 
for negative values of Ae at concentrations of A+ sufficiently high to have 
an appreciable number of A,C+®-™ will be too low, since the number of 
members of the species A,C,°™” included in the calculation is too high. 
The extent of deviation of measurements from theory will depend on the 
extent of the saturation of bonds (or the effect of the interference of pairs). 
It should be noted that, as expected, the asymmetric and the symmetric 
approximations are equal at N4+ = 0. 

An interesting observation can be made from EQUATIONS 9 and 15. In 
EQUATION 9, X is the fraction of positions adjacent to an A+ ion occupied 
by C~ ions in the asymmetric approximation. The quantity (1 — X) is 
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the fraction of positions adjacent to an At ion that are not occupied by 
C-ions. (1 — X)’ and similarly (1 — Y)’ are then the fractions of the 
total number of At ions that have no C@ ions in any of the Z positions 
adjacent to them. This might be termed the fraction of free A+ ions. In 
the complex ion terminology it is usually implied that the fraction of free 
At ions, with suitable small correction factors for use with other concen- 
tration scales, should be equal to the activity coefficient.6:? EQuations 9 
and 16 demonstrate that this usage in the complex ion terminology is not 
consistent with the lattice model and that correction terms or activity 
coefficients for the free At ions are necessary for solutions not very dilute 
in C~ ions. 


Experimental 


Values of the activities of AgNO; in the KNO;-AgNO3-KCl system have 
been obtained from emf measurements of the concentration cell A at 370°, 
38D, 402°, 423°, and 436° C.3? 


KNO; 
ke ee AgNO, | Ag (A) 
‘1 KCI 


for dilute solutions of AgNO; and KCl in molten KNO;. In FicuRE 2 
are plotted the derived values of —log yaeno, at 402° C. as a function of 
the mole ratios of KCl, Rxci at several values of the mole ratio of AgNO; , 
Raeno; , Where Rxci = (Nxci/Nxno;) aNd Ragwo; = (Magno;/MKNno;). The 
mole ratios Rxc; and Ragno,; are larger than the ion fractions Ncei- and 
Nagt , respectively, by the factor 1 + Rxc1 + Ragno; , which is not very 
different from unity in dilute solutions. 

Measurements were also made of the activity of AgNO; in the NaNO;- 
AgNO;-NaCl system at 402° C. from emf measurements in cell B 


NaNO; 
Ag | N2NO1! sono, | Ag (B) 
AgNOs || vac] 


Derived values of —log Yagno; a8 a function of Ryaci at several values of 
Razno; are Shown in FIGURE 3. 


Comparison to Theory 


The correspondence of the KNO;-AgNO;-KCl and the NaNO;-AgNO3- 
NaCl systems to the theoretical systems, ABI, D- Cah bé made if 
At+ = Agt, Bt = K+ or Nat, C- = CI and D~ = NOr. The sizes of 
the Ag+ and Na* ions in the melt are probably similar, whereas the Kt 
‘ion is probably larger than the Agt ion. The size and shape of the spheri- 
cally symmetric Cl- ion are different from those of the flat NOs" ion. In 
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dilute solutions these deviations in the size and shape of the ions from the 
conditions imposed by the lattice model probably do not affect the form 
of the equations derived from the model. Figure 4 is a plot of —log yap 
versus Nc- at several values of N4+ for Z = 6 and for 6 = 67 as calculated 
using the asymmetric approximation, from EQUATIONS 2 and 9. This cor- 


Ficure 2. Measured values of —lo 
Ragno, at 402° C. g YAgNo, in KNO; as a function of Rxo and 


responds to the measurements on the KNO;-AgNO3-KCl system at 402° C. 
Qualitatively, there is a striking similarity between the experimental results 
on —log Yacno; and the calculated values of —log y4p. The values cal- 
culated from the theory were relatively insensitive to the variation of Z 
at constant values of Z6. At Ragno, = 0.279 X 10° the curvature of 
— log Yaeno; is greater than the theoretical results, the values of log yap 
being more negative at the higher values of N-- (and X) than the measured 
values. As already discussed, this can be explained by a saturation effect 
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on A*-C~ bonds such that | Ae | < | Ae:|. The variation of —log yap 
with N4+ at a fixed value of No- is greater than the variation of —log 
Yaeno; With Ksenos at fixed values of Rx. 

Ficure 5 is a plot of —log yap versus Ne- at several values of NV a+ for 
Z = 6 and 8 = 62 as calculated from the symmetric approximation. The 
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Figure 3 . Measured values of —log yagno, in NaNO; as a function of Ryaci and 
Ragno, at 402° C 


values of log yan were fitted to the measured values of log Yagno, in the 
dilute solutions of Ag+ and Cl ions. The variation of log yan with N 4+ 
at a fixed value of No- is much smaller than for the asymmetric approxima- 
tion or than the experimental measurements of log Yagno,. The experi- 
mental measurements lie between the calculated values for the symmetric 


and the asymmetric approximation, being much closer to the asymmetric 


approximation. This may be a consequence of the saturation effect such 


that 0 < | Ae. | < | Aer |. 
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In a similar manner, the measurements on the KNO;-AgNO;-KCl sys- 
tem at 370°, 385°, 423°, and 436° C. were fitted to the asymmetric theory 
at low concentrations of Ag+ and Cl (for values of X < 0.15 and Na+ = 
0.00028) where the theory is most valid.**° Fora coordination number of 
6 values of the energy of formation of a mole of ion pairs, of —5.65 + 0.03 
kcal./mole were obtained at all temperatures. The constancy of AF for all 


0.7 


Fr BE 4. C = i 
at iste 26 alculated values of ooh yap for Z = 6, 8 = 67; the asymmetric 


the temperatures studied lends credence to the proposed lattice model.® 
The dependence on Na+ and Nev predicted by the asymmetric theory 
" much closer a - dependence predicted by the symmetric theory to 
the experimentally determined concentration dependence of 1 
in the KNO; solvent. > alae 
The values of —log Yacno, in FIGURE 3 indicate less negative deviations 
from ideality in the NaNO;-AgNO;-NaCl system than in the KNO;- 
AgNO;-KCl system, and hence a smaller value of 8@and —AE. Figures 6 
and 7 are plots of —log y4» as a function of N¢- at several values of N at; 
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for Z = 6 and 8 = 30 (AF = —4.55 kcal./mole) for the asymmetric and 
the symmetric approximations, respectively. These calculations corre- 
spond to the experimental measurements of —log Yaeno, in the NaNO,- 
AgNO;-NaCl system at 402° C. The experimental measurements lie be- 
tween the two approximations, but in this case are closer to the symmetric 
approximation than to the asymmetric approximation, and they indicate 


0.7 


0.6 
SYMMETRIC APPROXIMATION 

Z=6 
ne B =62 2.19x107> 
. 3.50x10 > 


O.4 


N I- x10° 


Figure 5. Calculated values of —log y4p for Z = 6,8 = 62; the symmetric ap- 
proximation. i 


a relatively smaller difference between Ae, and Ae, in the NaNO; solvent 
than in the KNO; solvent. 

The differences between the two systems might be related to the field 
effect of the solvent cation. The K+ ion is larger than the Nat ion and, 
as nearest neighbor to a Cl ion that is part of an Ag*-Cl- pair “bond,” it 
will polarize the electrons in the “bond” less than Na* due to its weaker 
field. If the “bond” strength (that is, relative energy of interaction Ae) 
‘is related to the electron density in the bond between the two ions, it is 
easy to see that the energy of ion-pair formation is more negative in the 
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KNO; solvent than in the NaNO; solvent.* This explanation is con- 
sistent with the relative order of the deviations from ideality in the binary 
systems MCl-AgCl in which M* are alkali metal ions. 

If, judging by the relative molar volumes of the molten or solid AgCl, 
NaCl, or KCl, the relative size of the three cations is Ag* < Nat <a 


3 
N.- x10 


Fiaure 6. Calculated values of —lo for Z = = 30; i 
Ret g yap for 6, 8 = 30; the asymmetric 


the relative differences between Ae, and Ae in the two systems can be re- 

lated to the relative field effect of the Agt ion as compared to the K+ or 

Nations. Inthe KNO; solvent, for example, the nearest-neighbor field on 

the Cl- of the first Agt-Cl- “bond” formed to that Cl ion is the relatively 
* The energy of interaction sometimes is related to th trati i 

trons through the outer electron shell of the central ay CO ne ge ee 


ionic charge. The penetration would be less the stronger the positive field of the 


pdlvant cation, and hence the smaller would be the energy of interaction of an Agt- 
pair. 
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weak one of the K+, whereas the field on the Cl- ion for the formation of 
Ag,Cl* from Agt-Cl- in solution is stronger, since it includes the field of 
the relatively smaller ion Ag+. This leads to relatively large differences 
between Ae, and Ae;. Since Ag+ and Nat are more nearly the same size 
than are Agt and K+, the relative differences between Ae, and Ae are prob- 


Ng = 0.305 X 40- 
! 
=3 


fe) r 2 3 4 5 6 (X40°) 


Fiacure 7. Calculated values of —log yap for Z = 6, 8 = 30; the symmetric ap- 
proximation. 


ably smaller in the NaNO; solvent than in the KNO; solvent. This would 
lead to a relatively closer correspondence to the symmetric approximation 
in the NaNO; solvent. Of course, one cannot rule out the possibility 
that this may be, in part, a coulombic effect. 


Conclusions 


The correspondence of the calculations based on the lattice model to 
experiment lends confidence in the lattice model of fused reciprocal salt 


852 Annals New York Academy of Sciences 


solutions. Modifications of the lattice model will be attempted so as to 
include a saturation effect on bonds. This would put the qualitative dis- 
cussion of relative bond strengths on a more quantitative basis. 

This work demonstrates the applicability of even a simple physical 
theory to molten salt solutions and demonstrates a fallacy in the methods 
of the chemical or “complex ion” modes of description in solutions that are 
not very dilute. It must be emphasized that the reasonable correlation 
of the theory with the experimental data cannot be considered as proof 
that the lattice model accurately describes the interactions in solution. 
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SOLUBILITIES OF TITANIUM TETRACHLORIDE IN MIXTURES 
OF POTASSIUM CHLORIDE AND SODIUM CHLORIDE, AND 
THE ELECTRODE POTENTIALS OF THE TITANIUM 
CHLORIDES IN 1/1 (MOLE) KCI-NaCl SOLUTIONS 


S. N. Flengas 


Scientific Officer, Extractive Metallurgy Division, Mines Branch, Department 
of Mines and Technical Surveys, Ottawa, Canada 


INTRODUCTION 


In previous publications’’ from the Mines Branch laboratories, the 
standard electrode potentials for several metal-metal chloride systems in 
dilute solutions in fused salts were reported. To make these measurements, 
an equimolar mixture of potassium and sodium chlorides was used as the 
solvent for the metal chloride, and a silver-silver chloride electrode, devel- 
oped earlier in this work,’ was used as the reference electrode in determin- 
ing the electrode potentials. 

The behavior of the silver-silver chloride electrode also was investigated,’ 
using a chlorine electrode, and the results indicated that the solutions of 
silver chloride in the molten-salt solvent were ideal. 

In the present investigation, the technique has been applied to the de- 
termination of the potentials of the titanium chlorides in solution in an 
equimolar mixture of potassium chloride and sodium chloride. 

During the course of the preliminary experiments, it became apparent 
that the determination of the potential of the tetravalent titanium de- 
pended on the preparation of stable solutions of titanium tetrachloride in 
the molten salt. For this reason the solubilities of titanium tetrachloride 
in this medium were studied first. 

Both of these problems, namely, the solubilities of titanium tetrachloride 
and the electrode potentials of the titanium chlorides, are closely associated 
with the electrolytic preparation of titanium metal from fused salts. 
Many of the electrolytic processes use titanium tetrachloride as the source 
of titanium for the cell and an equimolar mixture of potassium chloride 
and sodium chloride as the fused salt solvent. However, despite industrial 
developments, the mechanism of the electrolytic process is still open to 
various interpretations because of the scarcity of information concerning 
the electrode potentials of the system and the extent of solubility of tita- 
nium tetrachloride in the fused salt. 


SoLUBILITIES OF TITANIUM TETRACHLORIDE IN MIXTURES 
or PorasstumM CHLORIDE AND SopruM CHLORIDE 


Very little is known about the solubility of titanium tetrachloride in 
fused chlorides. In fact, it has been stated that titanium tetfachioride is 
insoluble in chlorides of the alkali and alkaline earth metals. 
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Kreye et al.,° in a recent investigation using a sampling and quenching 
technique, concluded that titanium tetrachloride is soluble to the extent 
of only 0.27 mole per cent in the equimolar mixture of potassium chloride ~ 
and sodium chloride at 690° C. However, the authors stated that the 
methods used for this study were subject to serious errors, since dissolved 
titanium tetrachloride apparently was released from the melt during 
quenching. 


Sealed 


Argon Outlet | Heated Air Bath (150°C) 
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'_ Figure 1. Apparatus for measurements of the solubilities of titanium tetrachlo- 
ride in potassium chloride-sodium chloride mixtures. 


Experimental 


In the present investigation, the solubilities of titanium tetrachloride in 
the potassium and sodium chloride mixture were measured, using a quartz 
spring balance. The method involved direct observation of the increase 
of weight of the salt solution in contact. with titanium tetrachloride vapor. 
It was free of the errors introduced by sampling and quenching techniques. 

The apparatus used for these experiments is shown in FIGURE 1. It 
consists of three individually heated and temperature-controlled parts: the 
quartz spring balance suspended inside a silica tube, 2 in. diameter and 
35 in. long; the quartz crucible containing the salt; and the titanium tetra- 
chloride bath. Details of the apparatus are as follows: 

The quartz spring had a maximum capacity of 10 gm., which corre- 
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sponded to an elongation of 20 em. The elongation of the spring was 
measured, using a traveling microscope that could be read to 0.001-mm. 
The spring was suspended from a hook in the center.of a brass plate at the 
top of the cell. The plate was lead-soldered to the metal top of the cell, 
which also was made from brass. A Kovar-to-Pyrex joining and a Pyrex- 
to-silica graded seal were used to connect the top of the cell to the silica 
tube. The high-vacuum valves in the apparatus were of an all-metal type 
and were operated through a metal bellows. These valves had stainless 
steel seated needles and were connected to the Pyrex tubing by metal-to- 
glass joints. 

The lower part of the cell, which contained the crucible with the salts, 
was heated in a tubular furnace 20 in. long. The temperature was con- 
trolled by a Honeywell Pyrovane electronic controller. Using the double 
wiring circuit previously described,’ a temperature control of +0.5° C. to a 
temperature of 850° C. was obtained. 

The part of the cell projecting outside the furnace was enclosed in an 
asbestos box maintained at a temperature of 150° C. by a Sunvic thermo- 
regulator. This temperature was above the dew point of titanium tetra- 
chloride. 

During the experiments, the temperature of the titanium tetrachloride 
in the bath was kept at 130+ 0.5° C., using a small electrically heated 
furnace that was regulated by a Fisher pyrometer and a thermocouple. 
The vapor pressure of titanium tetrachloride at this temperature is 660 
mm. of mercury.’ Finally, all other exposed parts of the apparatus were 
heated with Nichrome wire and insulated with asbestos tape. 

Commercially pure titanium tetrachloride was purified further by dis- 
tillation in the presence of copper filings under a stream of argon gas. The 
first part of the distillate was rejected and the remainder was collected 
under argon in the storage tank shown in FIGURE 1. The product was 
- colorless. 

When the distillation was complete, the argon outlet at the side tube of 
the storage tank was sealed with a gas flame and all valves were closed. 
Titanium tetrachloride was then introduced under vacuum into the appara- 
tus reservoir. 

Prior to each run the cell was evacuated to a pressure of about 5 uy, 
the temperature of the various parts was set as required, and the valve 
leading to the vacuum system was closed. Next, the valve leading to the 
titanium bath was opened and measurements of the elongation of the spring 
were begun. 

Results 


During the first run, it became apparent that the solubility of titanium 
tetrachloride in the 1/1 mole potassium chloride and sodium chloride melt 
at 690° C. was much higher than that reported previously.® The weight 
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increase shown by the spring balance was continuous over a period of 30 
hours, and solutions containing up to 14 per cent of titanium tetrachloride 


were obtained without any indication that the system had reached equilib- — 


rium. The extent of solubility was confirmed by chemical analysis of the 
contents of the crucible. 

In all experiments, to ensure that the compound did not decompose, the 
salt solution was cooled in the cell under titanium tetrachloride pressure. 
When the temperature of the cell had reached 150° C., the top of the cell 
was opened by melting the solder and the crucible was withdrawn. 

In the next group of experiments an equimolar mixture of powdered 
potassium chloride and sodium chloride was treated with TiCl, vapor at 
temperatures below the melting point (660° C.). It was found that the 
reaction rate was appreciably faster than with the molten mixture, and 
varied with the temperature of the salt. Using 1/1 mole potassium chlo- 
ride-sodium chloride powder of a particle size of less than 325 mesh, the 
reaction was very fast. At 485° C. the equilibrium was attained in about 
3 hours, and the saturation concentration of titanium tetrachloride in the 
mixture was 0.65 gm./gm. of potassium chloride-sodium chloride mixture. 

Experiments at temperatures between 280° and 480° C. indicated that 
the reaction rate at the lower temperatures was slower, but the same satura- 
tion concentration ultimately was reached in each experiment. 

Subsequent X-ray examination of the samples showed that the potassium 
chloride had almost completely disappeared from the mixture and was 
replaced by a compound having a diffraction pattern not previously re- 
ported in the literature. 

To investigate the mechanism of the reaction, separate experiments were 
done using potassium chloride and sodium chloride powders of particle size 
less than 325 mesh. 

With sodium chloride, at temperatures up to 750° C. there was no evi- 
dence of reaction over a period of 24 hours. At 800° C. a slow increase of 
weight was observed, but this was offset by evaporation of salt from the 
crucible. After 30 hours’ exposure ‘to the titanium tetrachloride vapor, a 
chemical analysis of the solidified mixture indicated a titanium tetrachloride 
content of only 4 per cent. 

With potassium chloride at 350° C., a reaction was immediately evident. 
The weight of the crucible increased rapidly; at equilibrium the saturation 
concentration of titanium tetrachloride was 1.27 gm. per gram of potassium 
chloride. This amount corresponds exactly to a stoichiometric proportion 
KCI/TiCl = 2. These results also explain the magnitude of the satura- 
tion concentration of titanium tetrachloride in the potassium chloride- 
sodium chloride mixture reported above. The observed value of 0.65 gm. 
of titanium tetrachloride per gram of 1 /1 mole potassium chloride-sodium 
chloride mixture corresponds approximately to the formation of K»TiCl. 
from the amount of potassium chloride present in the mixture. It was 


oe 
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concluded that the titanium tetrachloride reacted chemically with solid 
potassium chloride to give a complex of molecular formula KsTiCl, , ac- 
cording to the reaction: 


mC 2 KCr= KTICl, (1) 


These conclusions were confirmed by subsequent chemical analysis of 
the product. The results of analysis are given in TABLE 1. 


TABLE 1 
CHEMICAL ANALYSES OF K2TICl, 


Found in sample Calculated as K2TiCle 
(per cent) (per cent) 
Total titanium 14.2 14.16 
Total chlorine 62.5 62.78 
Total potassium 23.3 23.06 


1d 
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KCl + NaCl 
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Figure 2. Reaction rates between gaseous TiC], , or 1/1 mole KCl] + NaCl, at 
various temperatures. 


The formation of K:TiCls by a wet method at room temperature already 
has been reported in the literature,” where it is stated that attempts to 
prepare it at 300° C. in a sealed bomb were unsuccessful. ; 

The effect of potassium chloride temperature on the rate of formation 
of K:TiCl, also was investigated. The results are given in FIGURE ya 
Included in this figure, also, are the results obtained with the fused equimo- 
lar mixture of potassium chloride and sodium chloride. ; 

It is evident from the curves in FIGURE 2 that the reaction rate increases 
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rapidly with temperature and, at 410° C., the formation of 100 per cent 
K.TiCl, takes place in about 6 hours. However, at higher temperatures 
the reaction behaves abnormally and the rate decreases. At 510° C. a © 
sudden decrease of the rate occurs. Examination of the crucible after the 
run at 510° C. showed that fusion had taken place. It seems reasonable 
to assume that the slower reaction rate can be explained by the formation 
of a eutectic mixture between potassium chloride and the complex potas- 
sium chlorotitanate. The gradual formation of the molten phase of the 
eutectic would indeed reduce the reacting surface of the potassium chloride 
powder in the mixture. However, the possibility that the rate of the re- 
verse process, that is, the thermal decomposition of potassium chlorotita- 
nate, contributes to the decrease of the rate of formation should not be 
excluded. The data available at present are insufficient to explain the 
kinetic mechanism of the reaction. 

The results of the experiments with fused equimolar mixtures of potas- 
sium chloride and sodium chloride at 690° and 720° C. indicate that in 
the molten phase the reaction rate is very slow. At 720° C., after 30 hours 
exposure to titanium tetrachloride vapor, the amount of titanium tetra- 
chloride found in the mixture was only 5 per cent; at 690° C., the amount 
was 14 per cent. Neither result represents the attainment of equilibrium. 
It may be concluded that, by allowing sufficient time for reaction, the 
saturation concentration of titanium tetrachloride in the potassium chlo- 
ride-sodium chloride melt would be reached eventually, and that potassium 
chlorotitanate would be formed in proportion to the amount of potassium 
chloride present in the mixture. 

Potassium chlorotitanate has a bright yellow color and decomposes on 
heating under vacuum. It is stable in the presence of titanium tetra- 
chloride vapor at 1 atm. pressure. 

The X-ray diffraction pattern of pure potassium chlorotitanate indicated 
that the compound has a cubic cell of side 9.7 A and is isomorphous with 
K,PtCls. The powder pattern has exactly the same series of lines” as has 
K.PtCl, , but different intensities. 

The density of K,TiCls; was measured by the displacement method in 
carbon tetrachloride and was found to be 2.40 + 0.15 gm./em.* at 27° C. 
This value may be compared with 2.45 gm./cm.* calculated from the X-ray 
data on the basis of 4 formula units of KsTiCls per unit cell. 

The melting point of K:TiCls also was determined in a sealed silica capil- 
lary and found to be 695 + 5° C. 

Potassium chlorotitanate is soluble in water. The resulting solutions 
were slightly opaque and strongly acidic. Hydrated TiO. was not precipi- 
tated even after these solutions were boiled. 


Conclusions 


The foregoing results indicate that titanium tetrachloride vapor reacts 
with potassium chloride to form a complex having the molecular formula 
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K2TiCl,. The optimum temperature for the formation of this compound 
under a vapor.pressure of titanium tetrachloride of 1 atm. is between 350° 
and 400° C. ca 

At temperatures above 800° C. a reaction between titanium tetrachlo- 
ride vapor and sodium chloride is evident, and the formation of the com- 
plex Na,TiCls may be postulated. _ 


ELECTRODE POTENTIALS OF THE TITANIUM CHLORIDES IN SOLUTION IN 
1/1 Mote Potasstum CutoripE-Sopium CuLoripE Metts 


The potentials associated with titanium and its multivalent ions in the 
chloride system are as follows: 

( 1) The metal electrode potentials expressing the equilibria between the 
metallic electrode and its ionic species in solution, that is, the potentials 


(He) Ti/TiGici, in KC1+Nacl) 
(Es) Ti/ Vivvo, in KC1+NacCl) 
(E4) Ti/Tig,rict, in KCl1+NaCl) 


(2) The redox potentials due to the equilibria between two successive 
oxidation states of the ions, that is, the potentials 


22 yrp8+ 

(E23) ey /Ticrici, and TiCls in KC14NaCl) » 
8+ yms4t 

(E3,4) Ti /Ticrict, and KgTiClg in KC1+NaCl) 


The relationship between these potentials is given by the following cyclic 
process 


AG = —2E 
Ti 2B yt 
AG = +448 AG = —3Es§ AG = — Bask 
mytt Tet 
AG = —E3 48 


For a complete cycle, the equation relating the various potentials of the 
system is : 

» (AG) = 0 at (2) 
When any three of the four potentials are known, that is, one metal elec- 
trode potential and the two redox potentials, the unknown metal electrode 


potential can be calculated. 

This method was applied to obtain the metal electrode potentials of the 
systems Ti/Ti** and Ti/Ti*’, neither of which could be measured directly 
because of the reactivity of the metal with the corresponding metal chlo- 


rides in solution. 
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Experimental 


In the course of the experimental work, two different types of cells were — 
used for determining the electrode potentials: (1) for measuring metal — 
electrode potentials, and (2) for measuring redox potentials. 

(1) A cell for measurements of metal electrode potentials of the system 
Tif Tico in KC]+NaCl)- This was of the type 


Ti TiCl: (x2) AgCl (21) Ag 
(—) | KCl + NaCl || asbestos fiber | KCl + NaCl | (+) 
(1/1 mole) (1/1mole) 


The chemical reaction in the cell is: 
Agt, = Tia 2A; 
Tig) + 2Ag(acci in xcl+nach = Ticricl, in Kcl¢+nacy + ZAG) 


The relationship between the electromotive force and the concentrations 
of the reacting species in the cell is given by the Nernst equation in the 
form 


Ez, = (Evicy, — Eigci) — (2.303RT/2§) log (a2/x1’) 
— (2.303RT) 2% log (y2/y1 ) 


where Etici, and E4,c: are the formation potentials of, respectively, tita- 
nium dichloride and silver chloride in their standard states. For the pur- 
pose of this paper, the standard state will be defined as the state of the 
pure metal chlorides at the temperature of the experiments. In so doing, 
all activity coefficients are referred to the state of the pure metal chlorides. 
The y and x terms are, respectively, the mean activity coefficients and the 
mole fractions of the metal chlorides in the solutions in the two half-cells. 
Mole fractions are defined in the usual way, that is, 


a; = n/ don 


where n; is the number of moles of any one constituent. 

From EQUATION 3, assuming that the activity coefficients for dilute 
solutions are constants, it is possible to calculate a cell potential that will 
be apparently independent of concentration. This is done simply by 
subtracting the log (a/z,;") term from the experimentally obtained poten- 
tial, H,. The potential thus derived is constant over the range of concen- 
trations for which the activity coefficients are constant and is given by the 
equation 


Bear = Hy + (2.303RT/2§) log (x2/21") = (Erici, — E’sgc1) 


— (2.303RT/2%) log (¥/y2) (4) 


It follows from EQUATION 4 that, when log (a2/;’) = 0, then Fea, = Eo. 
It will be observed that log (2»/2,") is zero for all mole fractions for which 


(3) 
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the relationship x/zx;’ = 1, including the special case when both mole 
fractions x, and a are unity. It is, therefore, permissible to call the poten- 
tial He. the apparent standard cell potential of the system. 

Since the potentials of the standard state are known by calculation from 
thermal data” and the activity coefficients of silver chloride in solution in 
1/1 mole potassium chloride and sodium chloride were found to be unity,° 
EQUATION 4 can be used to calculate the activity coefficients of titanium 
dichloride solutions in fused salts. 

(2) Cells for measurements of redox potentials of the systems TiCls/ 
TiClsaxcipnacty and TiCls , TiClaaciznact. These were of the type 


att, TiCk (22) AgCl (21) Ag 
Aa) ee id ka Cl asbestos fiber mt Anan (+) 
(1/1 mole) 
and 
Ag AgCl (a1) TiCl; (2x3) Be 


GSA KCl -Bo.Nall ETC CenerlaC4> 
Abani) Woe an eee 
(1/1 mole) 


The cell reactions are, respectively, 


“24 3+ 
Agiecr + Maio, = Tico, in + AZG (5) 
KC1+NaCl) KCI-+NaCl1) KCI+NaCl) 
and 
“Ade 3 ig 
A TiGgericts in = Ticrict, in + AQ (Agel in 6 
5) aA ear Seaact) KC1+NaCl) ( ) 


The corresponding forms of the Nernst equation applied to each of the 
above redox systems are, respectively, 


Bo3 = (Erict/ricis — Eases) — (2:303RT/§) log (xs/ax2) 
— (2.303RT/%) log (y3/y172) 


E34 = (Exec ae Ev ici;/Ky7icls) ee (2.303RT/§) log (a123/24) 
= (2.303RT/§%) log (y1v3/Y4) 


where the Efic1,/rici, and Evrict;/xzrici, are the redox potentials of the stand- 
ard states. These potentials can be calculated readily from EQUATION 2 
using the formation potential of the standard states. a 

Every «and 7 is, respectively, the mole fraction and the mean activity 
coefficient of a metal chloride in solution. 


(7) 
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Assuming constancy of the activity coefficients in dilute solutions, 
EQUATIONS 7 and 8 can be used to calculate an experimental apparent 
standard redox potential that will be apparently independent of concentra- 
tions, aS in EQUATION 4. 


Preparation of Materials and Apparatus 


The experimental technique and the apparatus used to study the po- 
tentials of the titanium chlorides were both similar to those described in 
the previous investigations.’ The cell, however, was modified to con- 
tain the highly hygroscopic titanium dichloride and the pyrophoric ti- 
tanium trichloride. The design of the silica cell is given in FIGURE 3. 

To prevent contamination by air during operation, the cell was provided 
with a sulfuric acid bubbler and air trap, and the cell was flushed con- 
tinuously with a slow stream of purified argon. Effective separation be- 
tween the two half-cell solutions was achieved by an asbestos fiber sealed 
into the end of the silica tubing of the reference electrode. The fiber had 
the property of preventing diffusion and, at the same time of establishing 
electric contact between the two solutions. For dilute solutions the pres- 
ence of a large excess of the same ionic solvent on both sides of the junc- 
tion effectively eliminated junction potentials. 

Titanium trichloride (99 per cent pure) was available from previous 
investigations.”* 

Titanium dichloride was prepared by the thermal disproportionation of 
titanium trichloride in a process involving two stages. In the first stage, 
the disproportionation reaction 


2 TiCl; = TiCh + TiCl. (9) 


was done under vacuum in an inverted U tube sealed on both sides. The 
arm containing the titanium trichloride was heated at 500° C. for 12 hours, 
during which the other arm was immersed in liquid air. At the end of this 
period the amount of titanium dichloride produced by disproportionation 
was calculated from the weight of titanium tetrachloride that had con- 
densed in the tube. The proportion of TiCl:;/TiCl; in the mixture was 
close to 1/1. As a by-product of disproportionation, 0.5 per cent of finely 
divided titanium metal also was produced. The titanium dichloride and 
trichloride mixture prepared in this manner was used in the subsequent 
experiments to obtain the redox potentials of the system. 

In the second stage of the preparation, titanium dichloride was sublimed 
under hydrogen at 650° C. over a period of 24 hours. The sublimed prod- 
uct had a Ti: Cl ratio of 2.02:1. This titanium dichloride was used in the 
experimental work on divalent titanium. 

Pure potassium chlorititanate (99.5 per cent) was prepared from potas- 
sium chloride and titanium tetrachloride by a modification of the method 
established in the first part of this study. A Pyrex tube was bent at a right 
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angle and was sealed at one end; purified titanium tetrachloride was in- 
troduced into the closed vertical arm and was frozen with liquid air. A 
silica boat containing potassium chloride powder of particle size less than 
325 mesh was placed in the horizontal arm, and the tube was evacuated 
and sealed. By heating titanium tetrachloride to 130° to 134° C. and the 
potassium chloride to 350° to 400° C. for about 12 hours, potassium chlori- 
titanate was formed quantitatively. 

The titanium chlorides were pelletized in a dry box under an inert argon 
atmosphere, placed in the piston-type feeding apparatus shown in FIGURE 


Thermocouple KE “GY 
ZA 


—<— Argon 
— > Vacuum Pump 


V7 // Rugnace Level 


Ag/AgCl Reference 
Electrode 


Rubber 
Suber 


iston Fused Salt Solution 


1eg 
H : Metal Indicator Electrode 
= WA 


Asbestos Fibre 
FEEDING APPARATUS 


Figure 3. Cell for electrode potential measurements in fused cells. 


3, and transferred into the cell. The dry box also was used for handling 
these salts during preparation. 

The titanium electrode used in this study was a strip of pure iodide ti- 
tanium connected to,a titanium wire of the same purity. The silver elec- 
trode was a rod of pure silver (99.99 per cent) connected to a silver wire. 
The platinum electrode for the measurements of redox potentials was a 
platinum cylinder of 14-in. diameter and 3-in. length, connected to a plat- 
inum wire. 

Thermoelectric potentials due to the bimetallic systems of the electrodes 
were measured separately, and the appropriate corrections were applied 
to the potential measurements. 
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Results 


The electromotive forces of the titanium-titanium dichloride system were 
measured as functions of both temperature and concentration. 

The variations of the cell potentials with temperature at various con- 
centrations of titanium dichloride are given in FIGURE 4. It is seen that 
the curves are linear for the range of mole fractions investigated, namely 
rom 2.6 X 10° to1 X 10°. 


X, = 2.61 x 10-5 


Xp = 4.88 x 1075 


Xo = 6.45 x 1075 


X_ = 1.00 x 10-2 


E ey, (volts) 


o On Heating 
@ On Cooling 


650 700 750 800 850 
Temperature °C. 


Ficure 4. The effect of temperature on the potential of the cell at various mole 
fractions of titanium dichloride. 
Ti i gC 


TiCls (x2) | AgCl (21) Ag 
(-—) KCl + NaCl (1/1 mole) KCl + NaCl (1/1 mole) (+) 


The potentials of these cells over a period of 48 hours were constant to 
within 0.5 mv. It was observed that titanium metal dissolved in the fused 
salt to the extent of about 0.5 per cent. However, the slow dissolution of 
titanium metal in the fused salt during the experiments did not interfere 
with the cell potential. 

When the electromotive forces shown in FIGURE 4 were plotted against 
the logarithm of mole fraction, the results were well represented by straight 
lines. This is shown in FiguRE 5. The slopes of the straight lines are in 
agreement with the theoretical slopes for a two-electron electrode process, 
as calculated from the Nernst equation. The results of these calculations 
are given in the summary of results in TABLE 2. 
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-1.0 -05 0.0 0.5 
Xx 
log ~$ 
x; 
Ficgure 5. Electromotive forces of the cell as a function of log (x2/2:7), at various 
temperatures.. 
Ti TiCle | AgCl (a1) Ag 
(—) KCl + NaCl (1/1 mole) KCl + NaCl (1/1 mole) (+) 
TABLE 2 
SUMMARY OF RESULTS 
Cell potential at 670° C. Sl f th 
(volts) Nernst equation 
pecnios Cell reaction in molten KC] + NaCl é: s 
Eee ie 4 
reapiais | caleuiateat | Experi | Calc 
aig Pitt Ti + 2Ag* = Tit + 2Ag —1.115 | —0.985 | 0.099 | 0.094 
Ti, Ti? Ti + 3Ag* = Ti? + 3Ag —1.046 | —0.895 — — 
Ti2+, Tist Ti2t + Agt = Tis+ + Ag —0.910 | —0.715 | 0.196 | 0.188 
pe. Dit Ti + 4Agt = Titt + 4Ag —0.697 — — — 
Ag, Agt 0.0 0.0 — ~- 
Ti+, Titt Titt + Ag = Ti+ + Agt 0.350 — 0.190 | 0.188 
Gl .Cl Ag + 4%Cl. = AgCl 0.8521} —0.854 — — 


* It will be noted that the sign of the experimentally obtained apparent standard 
potentials shown in this table has been changed to conform with the recommenda- 
tions of the IUPAC Stockholm convention, as reported by Light and deBéthune.'" 

+ Potentials calculated from existing thermodynamic data on the pure metal 
chlorides.}? i ; ; ’ - 

t The potential of the chlorine electrode against the silver-silver chloride elec- 
trode has been determined in a previous investigation,® and the value is given here 


for comparison. — 
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The linearity of the curves in FIGURE 5 indicates that the activity coeffi- 
cient of titanium dichloride in solution in the potassium chloride-sodium 
chloride molten solvent is constant for the range of concentrations studied. 
Thus the assumption for the derivation of EQUATION 4 is justified by the 
experimental results. 

In FIGURE 5 the apparent standard cell potential for titanium dichloride 
at different temperatures can be obtained readily by interpolation at the 
zero log(x2/z12) term. The variation of the apparent standard cell po- 
tential with temperature, corrected for the thermoelectric effects, is given 


Ee = 115 —(t-670) x3 x10“ volts 


650 700 750 800 850 
Temperature °C 


e ° e RT 
Eceu™ [Etc -Etsci | oor. fn aa 


Fiaure 6. Variation of the standard cell potential of the titanium dichloride 
system with temperature. 


in FIGURE 6. The curve is linear between 760° and 850° C.; the relation- 
ship can be represented by the equation 


EY = 1.115 — (t — 670) X 3.0 X 10 ~ (10) 


where 1.115 is the apparent standard cell potential at 670° C. 

The electromotive forces of the redox systems Ti’*, Titricl, , TiClg Nacl) > 
and Tr Tiiaioy. KeTiClg in KCl+Nacl) Were measured as a function of the 
metal ion concentration at the indicator electrode. The results of these 
measurements at 670° C. are given in TABLES 3 and 4. The corresponding 
curves of the logarithmic plots are given in FIGURES 7 and 8. 

The curve for the Ti’*, Ti’* redox system given in FIGURE 7 is linear over 
the range of concentrations investigated, which indicates that the activity 
coefficient of titanium trichloride in solution in the equimolar mixture of 
potassium chloride and sodium chloride is constant. The slope of the 


a & 
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straight line shown in FIGURE 7 is in agreement with the calculated slope 
for a one-electron electrode process (0.196 instead of the calculated 0.188). 


TABLE 3 
ELEcTROMOTIVE ForcES OF THE REDOX CELL as A FunNcTION or THE MpErat Ion 
CONCENTRATION AT THE INDICATOR ELECTRODE AT 670° C. 


Pt TiCle (x2) 


i AgCl (21) Ag 

(=) TiCls (x3) 
EE a ee ie ee 
1 4.9 X 10°? 1.44 X 10-4 1.54 X 1073 0.439 
e 4.9 X 10 1.48 X 10-4 2.69 X 10-8 0.381 
4.9 X 10°? 1.43 XK 10-4 4.36 X 1073 0.354 
4.9 X 10° 1.43 X 1074 Oo 1082 0.324 
4.9 X 10°? 1.43 X 1074 8.53 X 107% 0.284 
2 4.9 X 10°? 2.47 X 10-3 8.47 X 10-3 0.560 
4.9 X 10-2 2.47 X 10-3 1.05 X 10°? 0.545 
4.9 X 10 2.47 X 10-° 1.40 X 10-2 0.486 


TABLE 4 
ELECTROMOTIVE ForcES OF THE REDOX CELL AS A FUNCTION OF THE Merau Ion 
CONCENTRATION AT THE INDICATOR ELECTRODE at 670° C. 


TiCls (x3) 


(-) KCl + NaCl (1/1 mole) KCl xe acl (7 anole? (+) 
: “ le frac 

Run 7 AgCl Ge) 7OF ich (es) of KeTiCle (aa) Eco! (v.) 
1 5.0 X 10°? 2.27 X 10-3 7.00 X 10-4 0.498 
5.0 X 107 2.24 X 10-3 1.08 XK 1073 0.551 

5.0 X 107 2.22 X 10-3 1.43 K 1073 0.561 

5.0 X 107 2.18 X 10-3 2.28 X 10-8 0.584 

520. 10=2 5.83 X 10-3 2.27 X 10° 0.520 

5.0 X 10°? 6.79 X 10-3 2.26 X 107% 0.500 

: 10-2 2,35: X 10° 8.02 X 107* 0.532 

: 20 5 ire 2.33 X 10-3 178 X 10-5 0.579 
a0) oS 10 3.66 X 1073 eigen LO 0.513 

SAO Fr 4.57 X 10° 1.75 X 10-8 0.488 

: 10 5.33 X 10° 3.03 X 107% 0.541 

; 633 5. LOR 5.52 XK 10-3 4,20 X 10% 0.570 
6.23 X 107? 5.50 X 10-3 5.09 X-10-3 0.580 

6.23 X 10 fh thDy > ol Ua 5.09 X 107% 0.553 


The potentials of these cells were reproducible and remained stable over 
long periods of time. . 

_ The experimental data for the Ti**, Ti** system, as shown in FricuRE 8, 
are scattered as a result of the instability of the solutions. After the ad- 
dition of the K»TiCl, pellet to the melt, the concentration equilibrium was 
established in a few minutes. The potential of the cell remained constant 
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for about 20 min. and then began to drift slowly. The drift of potential 
was associated with the observation of TiCl, evaporation from the salt 
solution. In FIGURE 8, only the steady values of the experimental po- 
tentials are shown. The points shown are considered to represent the 
steady state within the cell. The best straight line that can be drawn 
through the experimental points has a slope of 0.190, which agrees well 
with the calculated slope of 0.188 for a one-electron electrode process. 


1.000 


0.800 Ee. = 0.910*° volts 


0.200 
() 1.0 2.0 3.0 4.0 
oe. 
log X, Xp 


ie is a ratvanpaine of the cell as a function of log [(as)/(x1-x2)] at 670° C. 
aes TiCl; (a3) AgCl (a1) 


Ag 
KCl + NaCl (1/1 mole) || - BC! + NaCl (1/1 mole) | (+) 


The linearity of the curves indicates that the activity coefficient of the 
tetravalent titanium ion is constant over the range of mole fractions in- 
vestigated, that is, from 7.0 x 10“ to 5.0 & 107°. 

Following the same procedure as used previously, apparent standard 
redox potentials of the systems were obtained by graphic extrapolation of 
the curves in FIGURES 7 and 8 to zero log terms. The potentials obtained 
by this method are given in TABLE 2. Standard cell potentials, calculated 


from the formation potentials of the metal chlorides given by Hamer 
et al.,~ are also included in TABLE 2. 
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Discussion 


Having established the apparent standard cell potentials (He) of the 
system Ti, TiCloaciznacy and the apparent standard redox potentials of 
the systems TiC, TiClscxciinaci) and TiCls , KeTiCleaéisxacn , EQUA- 
TION 2 was applied to calculate the apparent standard cell potentials of 
the systems Ti, TiClsxcizwacy , and Ti, KeTiClecxcitznact) , Which are un- 


obtainable by direct measurements. The results of these calculations are 


+0.030 


y Ps 0.350 Volts 
Ti 


°o 
a 
fo) 
o 


Ee (Volts) 


° 
3 
°°. 


esce 15 -1.0 -0.5 0.0 +05 
log ZLXS 
Figure 8. Redox potentials of the cell as a ree “i log [(a1-23) /(a4)] at 670° C. 
Ti % 
Ag AgCl (21) eae 1G 
(—) | KCl + NaCl (1/1 mole) | Fe ae ayt motey | CH) 


given in the summary of results in TABLE 2. From the data in TABLE 2, 
it is possible to calculate the free energy and the equilibrium constants of 
the reactions between titanium metal and the various titanium ions in 
solution in the equimolar mixture of potassium and sodium chlorides. 
These equilibria are of interest because they are related to the chemical 
reactions that take place in a fused salt-electrolysis titanium cell. The 
results of these calculations are given in TABLE 5. 

The relationship between the various reduction processes is best shown 
by the cycle appearing on the next page. It may be seen readily that 
in an electrolysis cell using titanium tetrachloride as the feeding material, 
the final cell reaction is likely to proceed through the divalent ion. 
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AG = —96.6 kcal./mole 
K = 24 X 10” 


3 Tet 4 81G 4 Tit +2 Ti 


Grit 


From these results, it is also possible to calculate that in a solution of 
titanium trichloride, in the presence of titanium metal, the composition of 
the solution at equilibrium should be a mixture of di- and trivalent ti- 
tanium of a ratio about 9 to 1. 


TABLE 5 

Reaction in 1/1 mole AG K. 

KCl + NaCl at 670° C. (kcal./mole) coe 
Tic + 2Ti3* = 3Ti2* —9.55 1.6 X 10? 
Tic + Titt = 2Ti2* —38.66 9.1 X 108 
Tis + 3Ti** = 4Tis* —96.57 2.4 X 1072 
Tit + Titt = 2Ti3* — 29.00 5.2 X 106 


By taking the state of the pure metal chlorides at the temperature of the 
experiments as the standard state, the activity coefficients and the other 
thermodynamic properties of the solutions of titanium chlorides in the 
fused salt can be calculated. 

Thus, from EQUATION 4, by substituting 


° ° és 
Emci, a Eacci a Eve 


and noting that since the activity coefficients of silver chloride in solution 
in 1/1 mole KCl + NaCl were found in a previous investigation® to be 
unity, the following relationship can be obtained: 


log Yauch) = le (Hee — Even) (13) 
In this equation, Et; is the calculated apparent standard cell potential 
with respect to the pure metal chlorides, and Ee. the apparent standard 
cell potentials obtained experimentally in the present investigation. 
Partial molal free energies of solution of titanium dichloride and tri- 
chloride and the partial entropy of mixing of titanium dichloride in the 


—— A Tie 
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melt can be calculated from the well-known relationships 


AG. = —RT In Ya = n& (Bou — Fen) (14) 
AG = 
@ lt = Ag, (15) 


where AG, is the partial molal free energy of mixing and AS, is the partial 
molal entropy of mixing. The quantity defined by rquatTion 14 represents 
the difference between the free-energy change of the salt in its hypothetical 
standard state as a solute (that is, a solution containing a unit mole frac- 
tion of the salt but having, in all other respects, the thermodynamic prop- 


TABLE 6 


THERMODYNAMIC PROPERTIES OF DituTE SoLuTIons or TrTantumM CHLORIDES IN 
1/1 mote KCl + NaCl 


Partial molal Partial molal Peis 
free energy of entropy of mixing Activity 
Range of mole mixing (AG4) AS Risse 
ractions kcal./mol 
System investigated ¢ emek) (eu) 
x X 103 


G28 C., | ¥0® C. |. 300% C.; | 670°C, | 750%.Cx| Bo0® C: | OF" | 130" |, 800% 


TiCl, 2.60-10.0 | —6.00) —6.36) —6.60; —5.0) —5.0) —5.0)4.1 : 
TiCl; — 1.5-14.0 |—10.45) — a ae aa ——  |\Oha3s) == 


erties of the state of infinite attenuation of the solute, as defined by Lewis 
and Randall'*) and the free energy of the salt in its actual standard state 
as the pure salt. 

The results of these calculations are given in TABLE 6. Data for potas- 
sium chlorotitanate are not included in this table because the standard 
state potentials of this complex are not available in the literature. 

The magnitude of the activity coefficients given in TABLE 6 indicates that 
titanium dichloride and trichloride, in solution in the equimolar molten 
mixture of potassium chloride and sodium chloride, are present as com- 
plexes. In fact, only 4 X 10° and 4 X 10™, respectively, of the amount 
present are free to contribute to the electrode potential. The activity 
coefficients of titanium dichloride show the expected behavior, that is, 
they increase with increasing temperature. The constancy of the activity 
eeePicient at constant temperatures over the mole fraction range 10° to 
10 indicates that in these solutions the complex species remain un- 
changed. 

The partial molal entropies of mixing, as shown in TABLE 6, also suggest 
the formation of a complex for this system. 


SUMMARY 


The solubilities of titanium tetrachloride in mixtures of potassium chlo- 
ride and sodium chloride at various temperatures were investigated, using 


a quartz spring balance. 
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It was found that titanium tetrachloride vapor reacted with potassium 
chloride to form the compound KTiCls. Some of the physical properties 
of this compound, and the rates of its formation between 280° and 720° Ge 
were investigated. 

Using a silver-silver chloride reference electrode developed in a previous 
investigation, the apparent standard electrode potential of the system Ts 
TiClhaciznacy , and the apparent standard redox potentials of the 
systems TiCl, ; TiClscxcipnacl) and TiCl, , KeTiClececiznacy were meas- 
ured at 670°C., and found to be, respectively, 1.115, 0.910, and —0.350 
volts. 

From the data, the apparent standard electrode potentials of the sys- 
tems Ti, TiClsxciwacy , and Ti, KeTiCleccci+nacty) Were calculated and 
found to be 1.046 and 0.697 volts, respectively, at 670° C. 

The activity coefficients and partial molal properties of titanium di- 
chloride and titanium trichloride, in dilute solutions in the equimolar mix- 
ture of potassium chloride and sodium chloride, were calculated. It was 
found that for the range of mole fraction investigated, namely 10 * 
10°, the solutions are nonideal and obey Henry’s law. 
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FREEZING POINTS OF BINARY NITRATE MELTS 


K. J. Macleod and F. E. W. Wetmore 


Department of Chemistry, University of Toronto, Toronto, Canada 


In an earlier study Murphy® determined the density and electric con- 
ductivity of the binary melts AgNO;-Ba(NOs;)s , AgNO;-Ca(NOs3)2, and 
AgNO:;-Mg(NOs;)2. According to his results, the melts are far from ideal 
in terms of additivity of conductivity; a mechanism involving restricted 
jumps provides an explanation more consistent with the findings. The 
thermodynamic properties of these systems now have been studied through 
cryoscopy; determinations of heat quantities also are under way. 


Experimental Methods 


All salts used in the preparation of the melts were of reagent grade, 
treated as described earlier.*= As only low temperatures of fusion were to 
be studied, the cryoscope was constructed of Pyrex vessels; thus the phase 
changes could be observed visually. The melts were placed in a tube 
suspended within an electrically heated cylinder, the whole arrangement 
being covered by an inverted, unsilvered Dewar flask. The system was 
stirred by an oscillating gas pressure in a tube immersed in the melt; a 
reciprocating pump created the fluctuations. 

For measurement of temperature the output of a Chromel-Alumel ther- 
mocouple was balanced partially by a White potentiometer; the remainder 
was fed to an amplifier (Leeds and Northrup 9835-A) and thence to a re- 
corder (L. N Speedomax). The sensitivity was about 8 in. of chart run per 
degree. 

- Freezing points of the melts were determined by letting the temperature 
fall at an initial rate of approximately 0.5° C./min. Undercooling was gen- 
erally less than 0.5° C., except with quite concentrated solutions, and the 
subsequent cooling curve could be extrapolated back with precision. Like- 
wise, the upper melting point or thaw point was found by heating a mixture 
of liquid and crystals above the point of complete liquefaction, and extra- 
polating the segments of the heating curve. With dilute solutions, the freez- 
ing point and upper melting point were found to be the same within 0.01° C. 
With concentrated solutions the difference was greater and the upper melt- 
ing point was found to be the more reproducible. 


Results and Discussion 


Figure 1 shows the freezing-point depression for all three binary melts 
up to 1 mole per cent. The curve is a straight line of slope dT /dN, = 167. 
The limiting slope calculated from the reported’ heat of fusion of AgNO; 
and the melting point found here (209.7° C.) is 168. Kordes et al.’ stated 
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the cryoscopic constant to be 167, from a substantial series of determina- 
tions. 

The eutectic point of the system AgNO;-Ba(NO;)2 was found to be — 
208.0° C., 0.99 mole per cent. Palkin® reported 207° C., 1.8 mole per cent. 


O N, foXe) 


Ficurel. Depression of the freezing point of silver nitrate by divalent nitrates. 


TABLE 1 
System: AgNO;-Ca(NOQs)2 


Seq. M1 F.p. depression a1 v1 

6 0.9799 3.16 0.9813 1.001 

8 0.9713 4.71 0.9722 1.001 

1 0.9646 5.86 0.9655 1.001 ‘ 
2 0.9568 7.06 0.9585 1.002 : 
3 0.9348 10.5 0.9368 1.004 - 
9 0.9225 12.5 0.9272 1.005 
7 0.9202 12.7 0.9260 1.006 \ 
4 0.9174 13.38 0.9226 1.006 
5 0.9000 15.8 0.9084 1.009 } 


The eutectic point of the system AgNOs;-Ca(NO;)2 was found to be 
193.7° C., 10.1 mole per cent. Palkin® reported 202° C., 10.7 mole per cent. 
The freezing-point curve, 7 versus N2, is slightly concave upward as it 
approaches the eutectic point. The data are given in detail in TABLE 1 
and FIGURE 2. . 

The eutectic point of the system AgNO3;-Mg(NOs3)2 was estimated to be 
159.5° C., 22.1 mole per cent. Exact determination was made difficult by . 
the existence of a sluggish transition of solid silver nitrate at 159.4° C., so 
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reported by Bridgman’ and confirmed in this work. TABLE 2 and FIGURE 
3 show the data in detail. 

At present the differential heat of solution of solid silver nitrate in the 
saturated binary melts is not known; therefore, activity coefficients of the 
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a: 
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O N, O.l 
Fieurs 2. Freezing points of AgNO3-Ca(NOs)2 melts. 
TABLE 2 
System: AgNO;-Mg(NOs)2 

Seq. Ni F.p. depression a 71 
0.9748 4.02 0.9762 1.001 
; 0.9514 8.34 0.9510 1.000 
2, 0.9481 8.76 0.9486 1.001 
3 0.9217 13.6 0.9205 0.999 
a 0.9204 14.3 0.9169 0.996 
10 0.9046 17.4 0.8995 0.994 
+ 0.9028 17.4 0.8995 0.996 
5 0.8795 22.4 0.8717 0.991 
6 0.8602 é 26.3 0.8504 0.989 
13 0.8477 30.5 0.8278 0.977 
11 0.8428 31.4 0.8231 0.977 
14 0.8221 37.0 0.7936 0.965 
12 0.7974 43.1 0.7621 0.956 
15 0.7947 46.6 0.7446 0.937 
8 0.7853 49 0.733 0.934 
16 0.7792 49.2 0.7315 0.939 


components cannot be calculated without assumption. The values for 
silver nitrate (TABLES 1 and 2) were computed with the aid of the expres- 
sion given by Lewis and Randall* and acceptance of the datum:? AC = 
Ciiq. — Ceolia = 4.5 cal. mole ’ deg.” . Data being gathered at present 
suggest that this value of AC may be high, but the effect of correction on 


the activity coefficients would be small. 
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Estimates of the activities of the components in the melt can be begun 
from the expression for the free energy of the melt, F = mii + Nemes, by 
comparing it with the free energy of the separate components and the free 
energy of their mixing, F = mF% + mF°. + AF mixing - ‘% 

Temkin? has proposed simple assumptions for calculation of AF of mixing: 
(1) that AH = 0 and (2) that AS is calculable as an entropy of configura- 
tion, with related statistical weight W. Temkin’s postulate applied to our 
melts would concern the number of ways of filling (71 + nz) cation sites by 
n-like silver ions and n»-like divalent ions, and (m + 2n2) anion sites by 
(nm, + 2n2)-like anions. Then Wy = (mi + ne)!/m!n2! and W_ = 1, from 
which AS = —R(m In N, + me In Ne) and F = m(F% + RT In Ni) + 
no(F°% + RT In No). According to Temkin’s assumptions, m4. = F°% + 


160 
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Figure 3. Freezing points of AgNO3-Mg(NOs3)>. melts. 


RT In N; and y; = 1 at all concentrations when the standard state of silver 
nitrate is chosen to be the pure liquid component. 

The data of TABLES 1 and 2 are in accord with Temkin’s theory up to 
N, = 0.1, but not for the more concentrated magnesium nitrate solutions. 
A rough test of assumption 1 was made by a readily devised experiment 
with an adiabatic calorimeter. Successive portions of magnesium nitrate 
were added to liquid silver nitrate at 232°C. The curve of AH versus N> 
was a straight, line within 7 cal. mole’, up to Nz = 0.11, beyond which 
dissolving was sluggish. A more definitive test then was made by adding 
liquid silver nitrate to a melt containing 21 mole per cent magnesium nitrate 
to yield a melt of 0.14 mole per cent. The reaction was exothermic by 2.8 
cal. mole. Thus H, — H°, is roughly —3 cal. mole™ and inclusion of 
this value in the AF of mixing would decrease In y; by only 3/ RT, or 0.003. 
It is unlikely that, even at the highest concentrations met here, 7; would 
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be lowered by more than 0.01 by inclusion of the heat of mixing term. 
The deviation of y; from unity may be ascribed more properly to error in 
the calculation of the AS term. 

Flood e¢ al.” pointed out that cation vacancies may be created in the 
mixing of divalent with univalent salts. If, in the extreme case, there were 
one cation vacancy for each divalent cation added, Wy = (m + 2nz) \/ 
n\n! and therefore uw, = F°; + RT In Ni*, in which Nj* is the equivalent 
fraction; y: = N,*/N,, substantially lower than shown in TABLE 2. The 
shrinkage of the equivalent volume found by Murphy on adding divalent 
nitrate to silver nitrate indicated that the creation of vacancies is probably 
much less than one per divalent ion; this view is in accord with the present 
results. 

The smallness of the heat of mixing provides assurance that the variation 
of a; with temperature is negligible, since (H°; — H,)/RT” = dln a,/dT 
is of the order of 10°. Therefore the Gibbs-Duhem expression can be 
used to determine 2 from values of y, found at various temperatures. The 
values of y2 for calcium nitrate at N2 = 0.05, 0.075, and 0.1 are 0.98, 0.92, 
and 0.89, respectively; for magnesium nitrate at N2 = 0.1, 0.15, and 0.2, 
they are, respectively, 1.00, 1.16, and 1.35. It should be noted that for 
a2 the reference state is the infinitely dilute solution, whereas for a, it is 
pure liquid silver nitrate. 
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THERMODYNAMIC PROPERTIES OF SOLUTIONS OF 
CERIUM CHLORIDE IN MOLTEN 
ALKALI HALIDES 


S. Senderoff, G. W. Mellors, R. I. Bretz 


Research Laboratories, National Carbon Company, Division of Union Carbide 
Corporation, Cleveland, Ohio 


Introduction 


In recent years there has been increasing interest in molten salt systems 
in nuclear, metallurgic, and other applications; as a result, the need for in- 
formation on the thermodynamic properties of molten salt solutions has 
become more evident. The usual methods for obtaining thermodynamic 
information in these high temperature systems include some of those used 
for many years in aqueous solutions: for example, cryoscopy, determination 
of vapor pressure,” and determination of emf of cells with fused salt elec- 
trolytes.°’ The experimental difficulties involved in adapting these stand- 
ard methods for use at elevated temperatures are frequently considerable 
and are often the determining factor in the choice of a method. It is for 
this reason that the emf method has been favored whenever suitable re- 
versible and reproducible electrodes are available for the measurement. 
Unfortunately, these requirements for the electrodes are difficult to meet 
in many systems. While a satisfactory chlorine-graphite electrode may be 
prepared for use in molten chlorides up to a temperature of at least 900° C.,* 
the metal electrode is frequently dissolved or attacked by the metal chlo- 
ride under study. Under these circumstances, only very dilute solutions 
of the metal chloride’ may be studied at comparatively low temperature’”” 
if necessary, or, if it is desired to study the full composition range, a suitable 
dilute metal alloy electrode may be used.” 

Cerium is soluble in cerium trichloride to the extent of almost 9 mole 
per cent” and thus cannot be used as an electrode. The melting point of 
cerium trichloride (812° C.) defines the lower limit of temperature for a 


study of the full composition range of cerium chloride dissolved in the alkali 
halides. 


Electrodes 


Since cerium metal could not be used as an electrode, a search of cerium- 
alloy phase diagrams indicated that the cerium-tin system might meet the 
requirements of a suitable alloy electrode. These requirements are: 

(1) The diluent metal of the alloy should be very noble compared with 
cerium, so that the equilibrium concentration of the diluent metal ion in 
the electrolyte be negligible. 

(2) In the temperature range in which it is to be used, the alloy should 
consist of two phases over a considerable range of composition. The ac- 
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tivity of the cerium in such a heterogeneous alloy would be constant so 
long as both phases are present; therefore, the composition of the alloy 
would not be critical in its use as an electrode. 

(3) The activity of the cerium in the alloy should be sufficiently low so 
that it will not reduce the cerium trichloride or alkali metal ion in the elec- 
trolyte. 

- (4) The alloy must behave reversibly as a Ce**/Ce’ electrode. 

The first requirement is satisfied, since the difference in potential be- 
tween cerium and tin is about 1.0 to 1.4 v., depending on the reaction 
chosen.” This corresponds to an equilibrium constant of about 10 7°-for 
the reduction of cerium ion by tin. 

The phase diagram of the Ce-Sn system™ shows how the second require- 
ment is met. From 25 atom per cent cerium to almost pure tin, the solid 
compound, CeSn; (m.p. 1140° C.), exists in equilibrium with a tin-rich 
liquid above 220° C. Since the liquidus line is above 900° C. at 10 mole 
per cent cerium, any composition between 10 and 25 mole per cent cerium 
may be used in the 800 to 900° C: range in which we are interested. To 
confirm the constancy of the potential over a wide range of composition, a 
5 mole per cent and a 15 mole per cent Ce alloy electrode were compared 
in electrolytes of the same composition with a chlorine electrode, and values 
of potentials were obtained that differed by less than 2 mv. The electrode 
used throughout this work was approximately 15 mole per cent cerium and 
was prepared in an induction furnace by melting cerium and tin in a Mor- 
ganite ARR alumina crucible, holding at 1200° C. in an argon atmosphere 
for 30 min., and quenching. 

With regard to the third requirement, it was found that the alloy elec- 
trode was noble with respect to.a pure cerium electrode by about 0.5 v., 
and visual examination of the melts after a few days’ contact with the alloy 
showed no evidence of the black reaction product of cerium with cerium 
trichloride. 

The reversible behavior specified in the fourth requirement was demon- 
strated by the Nernstian concentration dependence of the potential in very 
dilute solutions as the concentration of cerium: chloride was varied. This 
will be discussed below. 

The other electrode was the chlorine-graphite electrode described pre- 
viously® in which the chlorine gas is forced through a porous graphite 


cylinder into the melt. 
Experimental 


Materials. ‘CeCl, was prepared by chlorination of CesS; as described 
previously.” A slight modification was introduced which consisted of 
continuing the chlorination at 900° C. for 3 or 4 hours after all visible evi- 
dence of reaction had disappeared. In this manner the last traces of oxy- 
chloride were removed, and CeCl, was obtained in which the Cl:Ce atom 


880 Annals New York Academy of Sciences 


ratio was 3.004 and the over-all purity was 99.9 per cent. The salt dis- 
solved in water and in ethyl alcohol without any discernible turbidity. 

The electrolyte for the cell was prepared by adding the pure CeCl; to 
dried NaCl or KCl in a graphite crucible. The mixture was slowly heated 
to 900° C. in a chlorine atmosphere with the chlorine bubbling through the 
liquid mixture for 2 to 3 hours. The mixture was quenched, transferred to 
a dry box, broken out of the crucible in large lumps, and charged into the 
cell without additional pulverization. A sample of the electrolyte was dis- 
solved in water, and the batch was used only if no turbidity was observed. 
Samples of the electrolyte were analyzed before and after each cell run, and 
the results were discarded in the few instances in which a significant change 
in composition occurred. 

Cell. The cell in which the emfs were measured is shown in FIGURE 1 
and has been described in detail previously." Two concentric Morganite 
ARR crucibles are so positioned that the alloy electrode forms a pool at 
the bottom of the outer crucible. This is covered with a layer of electrolyte 
in contact with the same electrolyte in the inner crucible through a small 
(142-inch) asbestos-filled hole in the bottom of the inner crucible. The 
graphite cylinder that constitutes the chlorine electrode is immersed in the 
inner crucible. A molybdenum collar is sealed into the bottom of the 
outer crucible to form the electric contact to the alloy electrode. The 
molybdenum is covered completely by the alloy electrode. _ A liquid seal 
of electrolyte separates the chlorine atmosphere of the inner crucible from 
the argon atmosphere of the outer one. A long iron tube is threaded onto 
the molybdenum rod that emerges from the bottom of the outer crucible. 
The iron tube supports the cell in the furnace and acts as the electric lead-in 
to the cell. Although there are many contacts between dissimilar metals 
in this arrangement, they are all within the high temperature zone. The 
only thermoelectric potential that need be considered is that between iron 
and graphite, since these are the ones that pass through the temperature 
gradient of about 800°C. The thermal emf for the iron-graphite couple 
for an 800° gradient is less than 0.1 my.’ and has been ignored in this work. 

Furnace and temperature control. These also have been described pre- 
viously.” A Marshall Products tensile-test furnace was used that, with an 
appropriate baffle, gave a temperature zone constant to within 1° C. at 
900° C. over the length of the cell. The temperature was controlled with 
a thermocouple adjacent to the winding of the furnace by means of a 
Wheelco controller of the saturable-core reactor type. The temperature 
was measured with a thermocouple in a quartz thermowell, the end of which 
rested on the edge of the inner crucible and well below the top of the outer 
crucible. The thermocouple output was read on an L & N Azar recorder 
with 33-mv. suppressed and 10-mv. range on scale. Temperatures could 
be read to 1° C. 


Operating procedure. Cerium-tin alloy was added to the outer crucible 
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in an amount sufficient to cover the molybdenum collar. The electrolyte 
in large lumps (to reduce the effect of momentary exposure to the atmos- 
phere) was added to the inner and outer crucibles in amounts to make a 
volume, when molten, of 15 and 20 ce., respectively. The cell was as- 
sembled as in riGuRE 1, inserted into the furnace, and flushed with argon. 
While heating to the desired temperature, argon was passed through both 
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the inner and outer chambers. When the electrolyte melted, the graphite 
electrode was immersed in the liquid, and chlorine flow begun. Measure- 
ments of potential were made at 20° to 25° C. intervals between 800° and 
925°C. The potential was measured only after the temperature had be- 
come constant. Two or three measurements in the course of 10 to 15 
min. at a given temperature were made to ensure the constancy of the sys- 
tem. After equilibrium had been attained, the measurements made over 
3 or 4 heating and cooling cycles had an average deviation from the mean 
of less than 1 mv. Equilibrium usually was attained within 3 or 4 hours, 
but occasionally standing at room temperature overnight was required. To 
test the stability of some cells, measurements were taken over a period of 2 
or 3 days after equilibrium was established, with no significant change in 
potential. 

The potentials were measured with a Rubicon Type B potentiometer. 
An Eveready Air Cell was used as a source of bucking potential, since volt- 
ages in excess of 2 v. were to be read. The potential of the Air Cell was 
measured before each cell measurement. 

Results. The cell to be measured may be written: 


Ce(1) | CeCl,(N), MCI(1 — N) | Cle, graphite Cell I 


where N = mole fraction and M = sodium or potassium. This could not 
be done directly because of the interaction between cerium and cerium 
chloride. However, when N is small the interaction is negligible and so 
the following cells may be measured: 


Ce(1) | CeCl(N < 107), MC1| Clz, graphite Cell IT 
Ce-Sn(1) | CeCls(N), MCI(1 — NV) | Ch, graphite Cell III 


For Noeu i = Nee ur, the difference in emf between Cells II and III is 
the potential difference between the Ce-Sn(1) and Ce(1) electrodes in any 
electrolyte in which they behave reversibly. The emf of Cell I for any 
value of N is obtained by adding this potential difference between Ce and 
Ce-Sn alloy to the measured emf of Cell III at the corresponding value of NV. 

A direct measurement of Ce | CeCl; , KCl | Ce-Sn could not be made satis- 
factorily because of slow continuous drift of the potential. It is believed 
that, even at the lowest concentration tried, a slow attack on the pure 
cerium electrode occurs and introduces a mixed potential involving a pro- 
duct of the interaction such as Ce**. The stability of Cell IT for N < 107? 
may result from an extremely small leak of chlorine from the cathode com- 
partment that scavenges the Ce™ in the anolyte, but does not represent a 
sufficiently large corrosion current for the anode to be displaced signifi- 
cantly from its equilibrium potential. 

TABLE | lists the results of measurements of the emf of Cells II and III 
with KCl as diluent for values of N = 1.6 X 10 *and1.5X 10°. Tasin2 
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lists AH, the change in emf of each of the cells for the approximately ten- 
fold variation of the mole-fraction N, the concentration. Also shown in 
TABLE 2 is AH Nest calculated by AH = (RT'/3f) In 10.666. Comparison 
of the fourth and seventh columns of TaBLE 1 shows that at low tempera- 
tures the agreement of Ee, ce-sn obtained in the 2 electrolytes is good. 
The deviation at higher temperatures results from a large temperature 
coefficient in the more concentrated solution (0.80 compared to 0.57 mv./ 
degree). It also may be seen that the large temperature coefficient arises 


TABLE 1 
POTENTIAL OF CERIUM ALLOY ELECTRODE 


1.6 mole per cent CeCls 0.15 mole per cent CeCls 
Temp. 
ee) Capoten ie sn Cua) \Cep€e-Sn. |. Ce, Clin l- Co-Sna Oly |t Ce, (Casa 
(v.) (v.) (v.) (v.) (v.) (v.) 
800 2.927; 2.363 0.565 3.007 2.444) 0.563 
820 2.9065 2.3575 0.549 2.9900 2.43885 0.552 
840 2.8845 2.3520 0.533 2.9725 2.43825 0.540 
860 2.8630 2.3465 0.517 2.9550 2.427 0.528 
880 2.841; 2.3416 0.501 2.9380 2.4205 0.518 
900 2.8200 2.3355 0.485 2.920; 2.414; 0.506 
adH/dT (mv./°C.) 1.07 0.27 0.80 0.87 0.29 0.57 
TABLE 2 
CONCENTRATION DEPENDENCE OF THE POTENTIAL 
Temp. AE, Ce, Cle AE, Ce-Sn, Cle AE Nernst 
C2) (mv.) (mv.) (mv.) 
800 79.5 81 75 
820. 84 81 76 
840 88 80 dds 
860 92 80 79 
880 96 80 80 
900 100 79 81 


from Cell II, since the temperature coefficients of Cell III are almost iden- 
tical in the two concentrations. In TABLE 2 the increasing departure of 
Cell II from the ideal concentration dependence may be noted as the tem- 
perature is increased. It appears, therefore, that even at N = 1.6 X 10°”, 
interaction between the electrolyte and pure cerium is not negligible above 
840° C. The concentration dependence of Cell III agrees fairly well with 
the theoretical value, especially at higher temperature. For this study 
the values of Ee, ce-sn at 800° to 900° C. were taken to be those in the last 
column of TABLE 1. 

The results of the measurements of Cell III with KCI as diluent are 
shown in FiGuRE 2 and with NaCl as diluent in FIGURE 3. The emfs are 
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the sum of the observed emf and the potential difference between Ce-Sn 
alloy and pure cerium, that is, the emf of Cell I at corresponding composi- 
tion and temperature. TAsLEs 3 and 4 list the emfs and associated ther- 
modynamic data for the two systems at 800°, 850°, and 900° C. At each 
composition shown in FIGURE 3 the emf can be expressed as a linear func- 
tion of temperature, E = p + qT where nfE = —AF, nfp = —AH and 


TABLE 3 
EMF VALUES AND THERMODYNAMIC PROPERTIES OF CeCl;-KCl SystEM 


800° C , | Bere _ {sarc aB/ | _ iy ag 
N emf |—(F — emf |-(F — ¥ em! | — Gr ¥ — H®) ss 
(v.) F°) (v.) F°) (v.) F°) (my./ ln's 
kcal kcal kcal C.) | keal. ae Ss 
1.0000 | 2.6077| — | 1.0000 | 2.5625} — | 1.0000 | 2.5200} — | 1.0000 | 0.87 


0.8246 | 2.6110 | 0.277 | 1.0651 | 2.5660 | 0.242 | 1.0386 | 2.5220 | 0.139 | 1.1429 | 0.89 | 1.00 
0.6796 | 2.6235 | 1.142 | 0.8615 | 2.5790 | 1.142 | 0.8423 | 2.5360 | 1.108 | 0.9152 | 0.88 | 2 
0.4993 | 2.6460 | 2.700 | 0.6954 | 2.6000 | 2.595 | 0.5980 | 2.5550 | 2.423 | 0.7090 | 0.91 | 4. 
0.4797 | 2.6615 | 3.772 | 0.3558 | 2.6170 | 3.772 | 0.3675 | 2.5750 | 3.807 | 0.4075 | 0.87 | 5. 
0.3305 | 2.7170 | 7.614 | 0.08533 | 2.6730 | 7.647 | 0.09401 | 2.6305 | 7.648 | 0.1140 | 0.87 | 7 
0.2660 | 2.7390 | 9.136 | 0.06887 | 2.6960 | 9.239 | 0.05726 | 2.6550 | 9.344 | 0.06846 | 0.84 | 9. 
0.1578 | 2.8140 | 14.327 | 0.007687] 2.7690 | 14.291 | 0.01053 | 2.7250 | 14.188 | 0.01446 | 0.89 |14.40 
0.1111 | 2.8405 | 16.161 | 0.004620) 2.7970 | 16.229 | 0.006276| 2.7540 | 16.230 | 0.008683) 0.86 |16.15 
0.01567 | 2.9260 | 22.078 | 0.002045) 2.8830 | 22.181 | 0.002955) 2.8415 | 22.251 | 0.004589) 0.87 |22.10 
0.001518) 3.0070 | 27.684 | 0.001526) 2.9630 | 27.718 | 0.002555] 2.9205 | 27.719 | 0.004543) 0.89 |27.60 


TABLE 4 
EMF VALUES AND THERMODYNAMIC PROPERTIES OF CeCl;-NaCl System 


l a 
800° C. 850° C. 900° C. a fe 
N emf |—(F — ‘ emf | —(7 — emf ||—(F — aay -(H | ,& 
| (v.) | Fy | 7 (v.) | Fo) Y | Gay |= Bo) | a 

kcal. kcal. kcal. Keel ae 

1.0000 | 2.6070 | — | 1.0000 | 2.562s — | 1.0000 | 2.519% | — | 1.0000] 0.870} — | — 


0.6117 | 2.6260 | 1.815 | 0.8826 | 2.5810 | 1.280 | 0.9214 | 2.538 | 1.315 | 0.9302 | 0.880 | 2.05 | 0.684 
0.6099 | 2.6295 | 1.558 | 0.7903 | 2.5840 | 1.458 | 0.8421 | 2.5400 | 1.453 | 0.8793 | 0.895 | 2.40 | 0.888 
0.5841 | 2.6320 | 1.731 | 0.7613 | 2.5830 | 1.418 | 0.9069 | 2.5355 | 1.142 | 1.0406 | 0.985 | 2.60 | 0.903 
0.4898 | 2.6510 | 3.046 | 0.4899 | 2.6065 | 3.045 | 0.5220 | 2.5630 | 3.045 | 0.5532 | 0.880 | 4.60 | 1.438 
0.4220 | 2.6545 | 3.288 | 0.5075 | 2.6090 | 3.218 | 0.5606 | 2.5650 | 3.184 | 0.6052 | 0.885 | 5.00 | 1.595 
0.3219 | 2.6720 | 4.499 | 0.3771 | 2.6265 | 4.429 | 0.4275 | 2.581s | 4.326 | 0.4862 | 0.905 | 6.90 | 2.237 
0.2559 | 2.7000 | 6.437 | 0.1913 | 2.6525 | 6.229 | 0.2401 | 2.6090 | 6.229 | 0.2707 | 0.910 | 9.40 | 2.760 
0.1607 | 2.7440 | 9.482 | 0.07312) 2.6990 | 9.447 | 0.09048] 2.6550 | 9.413 | 0.1100 | 0.890 | 11.95 | 2.299 
0.09584) 2.7705 | 11.316 | 0.05189) 2.7245 | 11.212 | 0.06883] 2.6800 | 11.143 | 0.08780] 0.905 | 13.20 | 1.755 
0.01717) 2.8380 | 15.642 | 0.03813) 2.7875 | 15.572 | 0.05451) 2.7460 | 15.711 | 0.06913] 0.870 | 15.65 | 0.007 


nfq = AS for that composition (NV = 3, f = Faraday constant, q = ob- 
served dH/dT of the cell, T = absolute temperature). The values for 
the free energy, enthalpy, and entropy of formation refer to the reaction 


Coty 5 Ch(g) = CeCl,(N) in MCI(1) (1) 


Although the uncertainty in the values of emf is less than 2 parts per 
1000, the uncertainty in dH/dT may be as much as 10 per cent. This will 


a ar 


np aE 
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be discussed below. As a result, the values of AH and AS obtained from 
p and q show considerable scatter. The values of AH were plotted against 
the logarithm of the activity of CeCl; (log dcec1,), and a smooth curve was 
drawn through the points. The values of g and AS were calculated from 


N = 0. 001518 


EMF (volt) 


800 825 850 875 900 
T (°C.) 
Figure 2. The emf as a function of temperature, KCl diluent. 


E = p + qT, using the smoothed values of p. The values for pure CeCl; 
are listed in TABLE 5. The values for H — H *and S — S listed in TABLES 
3 and 4 are calculated from the smoothed values of p and qg. Since 


CeCl,(1)(N = 1) 


is taken as the standard state, the partial molar properties in TABLES 3 and 
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Figure 3. The emf as a function of temperature, NaCl diluent. 


TABLE 5 
THERMODYNAMIC PROPERTIES OF PurRE Liquip CeCl; 


Temp. emf —AF? —AH?° —AS? 
OF (v.) (keal.) (kcal.) (cal., deg.) 
800* 2.6070 180.4; 245.00 60.20 
825 2.5850 178.85 

850 2.5635 177.35 

875 2.5425 175.9 

900 2.5200 174.2; 

925 2.4986 172.85 


* Extrapolated from lowest temperature of measurement, 820° C. 


4 correspond to the difference in each of the quantities between its value 
in pure CeCl; and that at the indicated composition. 

The free-energy change for REACTION 1 in the system may be expressed 
as a function of temperature and activity, a, of CeCls; by 
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AF(keal.) = —245.0 + 6.02 X 10° 7 + 4.58 X 10° T loga 


with a standard deviation of 0.04 kcal. in the NaCl solvent and 0.07 kcal. 
in the KCl solvent. 
The activity coefficient, y, in TABLES 3 and 4 is obtained from the equation 


3f 770 a 


Discussion 


Thermodynamic properties of pure CeCl;. In FIGURE 4 the emf at 850° C. 
of Cell I (KCI diluent) is plotted against the logarithm of the mole frac- 
tion of CeCl; , and included are two straight lines drawn with the Nernst 
slope for n = 3. It will be noted that the theoretical Nernst slope is ap- 
proached at both the concentrated and dilute ends of the composition 
range. ‘The value of the emf of the cell with an electrolyte of pure CeCl, 
at 850° C. is 2.563 v. and corresponds to a free energy of formation of 
—177.3 keal./mole. This compares with —192 kcal. (corresponding to 
an emf of 2.776 v.) estimated by Glassner™’ from aqueous heat of solution 
data. It will be seen in riguRE 4 that, by using the Nernst slope to ex- 
trapolate the emf values of the very dilute solutions to pure CeCl;, the 
emf thus obtained is 2.754 (corresponding to —190.5 keal.). Since the 
extremely dilute solutions of CeCl; in KCl almost certainly contain com- 
plex compounds involving CeCl; (as will be shown below), it is possible 
that the structure of the solid CeCl; and its aqueous solutions is more like 
that of the complexed form than that of the pure liquid CeC\, . 

Examination of the results of Walker and Danly” on NiCl in KCI-LiCl 
solvent at 500° C. shows similar behavior. The extrapolation of their emf 
data in the dilute NiCl solutions to Nnici, = 1 gives a value of E° of 1.06 
volts. This can be compared to 1.07 volts at 500° C. calculated by Hamer” 
from data apparently obtained near room temperature. The concentrated 

‘solutions of NiCl, , however, indicated an £° of 0.94 v. compared with 0.976 
y. calculated from Glassner’s compilation.’’ The Glassner value was de- 
rived from heat-content measurements at high temperatures. Since com- 
plex formation by NiCl, and KCl in molten alkali nitrate solution has been 
demonstrated by absorption spectroscopy, it may be inferred also in this 
case that the structure of solid NiCl. and its aqueous solution is more like 
that of the complexed form than the pure liquid.* It cannot be expected, 
however, that the very dilute molten system always will correspond to 
the room-temperature aqueous conditions. In the case of NaCl-CeCl, solu- 
tions (FIGURE 5) the same extrapolation as above gives a value of 2.651 v. 
about 0.1 v. (7 keal.) lower than in the KCl system. It will be shown 
below that complex formation in the NaCl system is not as strong as in 


4 1G of formation of liquid CeCl; between 820° and 920° C. was found to 
be ON a ices (corresponding to a dH#/dT of 0.87 mv./degree). 


888 Annals New York Academy of Sciences 


the KCl solution. Spedding and Miller” found ASx to be —59.3 cal./ 
degree mole, and Glassner estimates ASi2;° to be —43.3 cal./degree mole. 
The value of the entropy of formation is not obtained with as high precision ~ 


t 
t 
t 
t 
i 
t 
t 
t 
t 


Nernst Equation Slope 


forn=3 


2.8 


EMF (volt) 


0 1 z 3 
~log Nceci, 


Fieure 4. The emf as a function of composition (KCl system), 850° C. 


as the free energy because the temperature coefficients of the emf are smail. 
Thus, if the over-all uncertainty in the two cell measurements (Cells II 
and IIT) required is about 5 mv., then the uncertainty in AF is less than 2 


parts per 1000. The uncertainty in dE/dT, however, may be in excess of 
10 per cent. 


Senderoff et al.: Cerium Chloride Solutions 889 


Activity of CeCl;. In FriguREs 4 and 5 the wide departure of the CeCl;- 
KCl system and the CeCl;-NaCl system from ideal behavior is noted. It 
also may be seen in TABLES 3 and 4 that the activity coefficients drop very 


3.0 


ernst Equation Slope 


for n = 3 


EMF (volt) 


0 1 2 3 
-log NCeCl; 


Figure 5. The emf as a function of composition (NaCl) system, 850° C. 


sharply in the vicinity of N = 0.5 in the KCl solvent and somewhat less 
sharply in the same vicinity in the ‘NaCl system. If it is assumed that 
this behavior is the result of formation of a 1:1 complex, that is, CeCl; + 
KCl< KCeCh , or the equivalent expression CeCl; + Cl <2 [CeCh], and 
if one assumes further that the real components behave ideally, then the 
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variation of activity with mole fraction is given by” 


_ BN, = 2 + 2(1 — BNAN2)"” 
bi KN, 


where a, = activity of CeCl;, Ni and N: o* = mole fraction of CeCls and 


“CeGl, 


0.4 0.5 0.6 0.7 0.8 
Mole Fraction CeCls, N, 


Fiaure 6. Activity of CeCl; (KCl system) at 850° C. 


KCl (or NaCl), respectively, k = 4K/(K + 1), and where 
Kt = ({CeCh] /[CeCls][Cl]), 


that is, the equilibrium constant for the complex formation. Various 


*N, and Ne are the “apparent” mole fractions based on the weights of the 
components that were mixed to prepare the electrolyte. 

t Inclusion of [CeCl;] in the equilibrium expression does not imply that it exists 
as a molecular species in the solution; rather, the assemblage of cerium and chloride 
ions of unknown structure corresponding to pure cerium chloride is taken, for sim- 
plicity, as a component in the mass action law. [Cl-] is the concentration of chloride 
ion that remains after deducting that in [CeCl,-] and [CeCl,]. 
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values of the equilibrium constant may be assumed and the one that best 
fits the data may be determined. This has been done and is shown in 
FIGURES 6 and 7. The 45° straight line is that for ideal behavior. In 
FIGURE 6 the curve is the one obtained from the equation with K taken as 
15 (dissociation constant = 6.7 X 10°). Agreement is fair above 0.2- 
mole fraction, but considerable departure occurs at lower concentrations. 
In Figure 7 the value of K for the curve plotted is 4 (dissociation con- 


0.1 0.2 Olson 0.5 0.6 0.7 0.8 0.9 1.0 
Mole Fraction CeCl;, N; 
Figure 7. Activity of CeCl; (NaCl system) at 850° C. 


stant = 2.5 X 10°‘); again, fair agreement above 0.2-mole fraction with 
considerable departure below this concentration is observed. 

It is clear that formation of a tetrachloro complex ion cannot account for 
the nonideal behavior except, possibly, in the region of 0.3 to 0.6 mole frac- 
tion. Comparison of FIGURES 6 and 7 indicates that in this concentration 
range the complex ion is more stable in the KCl solvent than in the NaCl 
solvent. 

Another method is available to study the departure from ideality of the 
solutions extremely dilute in CeCl;. Referring to rigurEs 4 and 5 it is 
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noted that extrapolation of the emf values obtained in the dilute systems 
to unit mole fraction gives an emf Z,°, different from E°, the emf obtained 
with pure CeCl; electrolyte. If it is assumed that the difference between 
E,° and E° results from some unspecified reaction, then (— AF®) for that 
reaction is nf(E,° — E°), and the equilibrium constant, K’, for that un- 
specified reaction may be expressed as 


t 3f ° ° 

log K = aa93 er (22 — & 
The values of K’ and its reciprocal, Kaiss. , obtained in this manner are 
listed in TABLE 6. From the data in TABLE 6 the enthalpy of the, thus 
far, unspecified reaction may be calculated. By plotting log K’ against the 
reciprocal of the absolute temperature one obtains the values of AH = 
—20.7 keal. in the KCl solvent and AH = —3.7 kcal. in the NaCl solvent. 


TABLE 6 
Equiuisrium ConsTaANTs CoRRESPONDING TO (B° — E,°) 


KCI solvent NaCl solvent 
Temp. 
(°C.) 
K’ Kidiss.) K’ Kidiss.) 
800 655.8 1352) x 103 25.61 3.91 X 107? 
850 383.4 2.61. 10-* 17.84 5.60 X 107? 
900 208.4 4.80 X 107-3 14.44 6.93 X 10-2 
Let us now assume two of the many possible reactions that might have 
been responsible for (H,° — E°) # 0, apply to them the equilibrium con- 
stants calculated above, and calculate the activity of CeCl; that would 
result. The two reactions assumed are: 
CeCl; + Cl @ [CeCh.]~ (2) 
K —_ [CeCl;][Cl] 
CUS Sa oad oresiciellice te 
[CeCl.-] 
and 


CeCl, + 3CI = [CeCl,]* 


ieee COCMller a (3) 
Gite ican ~ [CeCe] _ 


In the last two columns of TABLE 7 are listed the activity of CeCl; in the 
dilute region at 850° C. obtained by use of these assumed reactions with 
the dissociation constants, 2.6 X 10° for the KCl system and 5.6 X 107 


for the NaCl system. The second column shows the Aceci, Obtained di- 
rectly from the measured (H — E°), 


— 


- saan ailne 
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It may be seen that in the most dilute range the calculated values of the 
activity do not distinguish between the reactions chosen because the chlo- 
ride ion concentration approaches unity and the complex ion concentration 
is essentially Noeci,. It may be added that rather unreasonable reactions 
might have been assumed and that these would have been eliminated by 
this method. At slightly higher concentration the aceci, obtained by the 
assumptions diverges and there is some slight indication that the [CeCls] ° 
assumption may be the better one when compared to the activity obtained 
by direct measurement of the emf. A further indication of the existence 
of [CeCl.|* may be seen in rrauRE 8, in which Ay/AN is plotted against 
N. While only one peak (near N = 0.5) appears in the KCl solution, two 
peaks (N = 0.53 and 0.28) may be seen in the NaCl solution. An alter- 
native explanation of the variation of the activity in this region would be 


TABLE 7 
Activiry oF CeCl; In THE VERY DiLuTE RANGE AT 850° C. 


Activity of CeCls (NaCl diluent) 


NceCls 
E — E° (calc.) [CeCl4]- assumption [CeCls]-* assumption 
0.01717 9.4 X 10-4 later >. ORS 10 X 10-4 
0.09584 6.6 X 1073 5.9 X10 deZae Lome 
0.1607 Lor Xe Or2 LL O sha ee 
(KCl diluent) 

0.01567 4.6 X 1075 4.2 X 10° 4.3 X 1075 
0.1111 UD 6 Mer 3.3 X 10-4 4.1 X 10+ 
0.1578 TiS 1058 0.46 X 10-3 0.70 X 10% 


merely a variation of the equilibrium constant of the tetrachloro complex 
with composition, that is, nonideal behavior of the real constituents. 

Partial molar entropy. The values for the partial molar entropy listed 
in TABLES 3 and 4 deviate widely from ideal behavior. In the ideal case 
S, — S° = —R ln N and, for a tenfold dilution, should be 4.6 eu. It is 
recognized that, in a system in which extensive solvation occurs, the entropy 
of mixing will be less than the theoretical value, and the enthalpy of mixing 
will be negative.2? This is true in both the NaCl and KCl solvents, and 
the large departure from ideality further confirms the formation of com- 
plex compounds in the liquid. It should be noted that (S— S970 in 
all eases, indicating that the negative entropy of complex formation was 
equal to or greater than the positive entropy of mixing. 

More quantitative conclusions, however, cannot be drawn from this be- 
cause of the lack of precision of the values for dE/dT, a fact that was dis- 
cussed earlier. The estimated uncertainty of 10 per cent in the entropy 
values amounts, in these measurements, to about 6 eu, a major portion 
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of the theoretical entropy of mixing even in the most dilute solutions stud- 
ied. Further refinement in technique of emf measurements at elevated 
temperatures may permit fundamental conclusions to be drawn from the 
unique behavior of the partial molal entropy in these systems. 

Effect of alkal: metal cations. By every criterion thus far considered in 
this paper, the CeCl;-NaCl solutions were more nearly ideal in behavior 
than the CeCls-KCl solutions. Although complex formation apparently 


11 KC1-CeCl; 


NaCl-CeCl; 


Ay/ AN 


0 0.1 0.2 0.3 0,4 H°° 0.6 0.7 0.8 O79 ~ 1.0 


Nose, 


Figure 8. Variation of activity coeffici i ition i 
Piha Te y coefficient with composition in KCl and NaCl 
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occurs in both, it can be seen in FIGURES 6 and 7 that the dissociation con- 
stant of the postulated complex is at least an order of magnitude greater 
in the NaCl solvent than in the KCl solvent. In the extremely dilute 
range, the emf of cells with the CeCl;-NaCl solutions reach the Nernst 
concentration dependence in solutions at least an order of magnitude higher 
in concentration than is the case in the CeCl;-KCl solution. The activity 
of CeCl; in the most dilute range and the calculated dissociation constants 
for postulated complexes are larger by an order of magnitude in the NaCl 
solutions, and the heat of formation of the postulated complex in the dilute 
region is smaller by an order of magnitude in the NaCl solution than in 
the KCl solution. All of these phenomena are consistent with the idea 
that there exists a competition for chloride ion between the Ce** and the 
alkali metal ion. The tetracoordinate or hexacoordinate Ce’* complexes 
apparently formed in this system reduce the activity of the Ce**. If Nat 
is a stronger competitor than K* for the chloride ions in the cerium com- 
plexes, the chloro-cerium complexes could be expected to be more dissoci- 
ated in the NaCl solutions than in the KCl solutions, and the activity of 
Ce** higher. This is what is observed. Since the charge on the Na* and 
K" ions is the same, it may be the smaller size or the higher charge density 
of the Na* that causes it to be a more effective halide ion acceptor than 
K*. Work now in progress with CaCl, solutions will permit a distinction 
to be made between the relative effects of size alone or of charge density 
of the added cation, since the sizes of the Ca** and the Na” ion are similar 
(0.99 and 0.95 A, respectively ).?4 


Summary 


The thermodynamic properties of solutions of CeCl; in KCl and in NaCl 
have been determined over a concentration range extending from pure 
CeCl; to 10° mole fraction. In the extremely dilute range and in the 
nearly pure CeCl,; solutions, the behavior is consistent with the Nernst 
equation for ann = 3 reaction. In the intermediate range, wide departures 
from ideality occur, which apparently are due to complex formation. 

No simple assumption of one or a few complexes was found that can 
satisfactorily account quantitatively for the observed behavior. There is 
strong evidence, however, for the existence of a [CeCl,]” complex ion in the 
region of 0.5 mole fraction, and further evidence that in the extremely dilute 
solutions a higher complex, probably [CeCl] ° may exist. The evidence 
for the latter is not conclusive, and the observed behavior at low concen- 
tration also may be explained by a decrease in the dissociation “constant” 
of [CeCl,| with increasing dilution. ef 

The effects of NaCl and KCl as diluents are compared, and it is found 
that the CeCl;-NaCl system is more nearly ideal in its behavior than the 
CeCl;-KCl solution. This is attributed to the fact that Na* acts as a 
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better halide ion acceptor than K* and thus more effectively dissociates 
the chlorocerium complexes. 

Experimentally determined’ thermodynamic values for CeCls (1) be- 
tween 800° and 900° C. are given. The values are about 8 per cent lower 
than the values estimated from aqueous calorimetric measurements near 
room temperature. 
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MEASUREMENT OF THE URANIUM-URANIUM(III) 
POTENTIAL IN LiCl-KCl EUTECTIC* 


Dieter M. Gruen 


Argonne National Laboratory, Lemont, Illinois 


Robert A. Osteryoung 
Rensselaer Polytechnic Institute, Troy, N.Y. 


This paper is a report on the measurement of the potential of the ura- 
nium-uranium(III) couple in fused KCI-LiCl eutectic melt, with respect to 
a silver-silver(I) chloride reference electrode. Recently several stud- 
ies of potentiometric measurements in fused salt systems have been re- 
ported.’” Because of the nature of the uranium-containing system, in 
particular its sensitivity to oxygen, a special cell capable of being operated 
under high vacuum at elevated temperatures was constructed for these 
measurements. 


Apparatus and Materials 


The cell used in this work is shown in FiguRE 1. The cell body and 
fritted inner compartments were constructed of fused silica. The “head”’ 
of the cell was a water-jacketed Pyrex top, fitting over the standard-taper 
male top of the cell body. The top of the head was fitted with three female 
standard-taper joints and a fused silica thermocouple well which, when the 
cell head was in place, reached to the bottom of the cell. The fused silica 
inner compartments had standard-taper male tops and medium-porosity 
sintered fused silica frits sealed to their bottom. When in position in the 
cell head, the inner compartments reached to within a few centimeters of 
the bottom of the cell. Silver, uranium, and platinum wires were sealed 
through glass caps that fitted the standard-taper male tops of the fritted 
compartments. The wires were sealed into the caps with Picein wax, ef- 
fecting a vacuum-tight seal. The side arm of the cell was connected to a 
vacuum line. 

A Nichrome heating element wound on a fused silica core that was 
wrapped in asbestos served as the furnace into which the cell was placed. 
Magnesia pipe lagging was placed about the entire furnace; a hole cut 
through the insulation permitted visual observation of the bottoms of the 
fritted compartments. Furnace power was supplied by means of a Variac 
transformer. The temperature of the salts in the cell was measured with a 
Chromel-Alumel thermocouple placed in the thermocouple well attached 
to the cell head. During the course of a run the temperature was steady 
to within +2° C. of the initial value. 

-* The work reported in this paper was performed under the auspices of the United 
States Atomic Energy Commission, Washington, D.C. 
897 
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A constant-current coulometric source was constructed; it consisted of a 
Heathkit regulated DC power supply, whose output was dropped through 
a 35,000-ohm resistor in series with the electrodes in the cell. The current 
through the cell was computed by measuring the voltage drop, with a po- 
tentiometer, across a 10-ohm precision resistor, also in series with the cell 
electrodes. A Standard electric timer was connected in such a manner that 
it was activated whenever the switch was thrown to the on position, which 
resulted in passage of current through the cell. In the off position, the 


CELL FOR MEASURING ELECTRODE POTENTIALS IN FUSED SALTS. 
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Figure 1. High-vacuum cell for use at elevated temperatures. 


current was diverted through a small resistor connected across the switch 
in parallel with the cell. 

The platinum and silver were commercial, high purity material; the 
uranium wire was obtained from the Metallurgy Division of the Argonne 
National Laboratory. Prior to use, the uranium wire was treated with 
HNO; to dissolve uranium oxide and was rinsed with water and then 
with acetone. 

The potassium chloride-lithium chloride eutectic (40.5 mole per cent 
KCl) was prepared by passing hydrogen chloride gas through the molten 
eutectic in a heated three-necked flask until water was no longer evolved. 
Pellets of the eutectic were prepared by allowing the melt to flow dropwise 
through a capillary attached to the bottom of the flask and into a vessel 
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filled with carbon tetrachloride. The pellets were then stored under carbon 
tetrachloride until used.’ 


Experimental Procedure 


The cell head was placed on the cell and about 150 gm. of eutectic pellets 
poured into the cell. The cell was then capped, placed in the furnace, 
connected to the vacuum line, and evacuated, thus pumping off the carbon 
tetrachloride. The furnace temperature was raised slowly to the operating 
temperature. When the pellets had melted, nitrogen was admitted to the 
system, the caps on the three head openings were removed, and the fritted 
compartments, with the silver, uranium, and platinum wires in position, 
each in its own compartment, were inserted. This operation required 
about 1 min. The cell was evacuated once again, the melt slowly diffusing 
up through the quartz frits into the electrode compartments. When the 
level of the melt in the compartments reached the level of the melt in the 
cell proper, the compartments contained approximately 2 ml. of solvent. 
The silver, uranium, and platinum wires extended about 11¢ inches into 
the melt in each fritted compartment. 

When the compartments had filled, the leads from the constant-current 
source were connected, and the silver wire was anodized, using the platinum 
electrode as cathode. Silver (I) was formed in the silver compartment, 
while lithium metal deposited on the platinum cathode. The current was 
measured during the electrolysis, the anodization being conducted for suf- 
ficient time to bring the concentration of silver (I) to about 0.05 M. From 
the current-time product the number of equivalents of silver (I) generated 
could be computed. 

After the reference electrode thus had been prepared, the uranium was 
anodized, again using the platinum as cathode. Several periods of anodiza- 
tion were carried out, the potential between the uranium and silver elec- 
trodes being measured after each period of anodization. When a steady 
potential had been achieved following an anodization, usually after about 
5 to 10 min., the potential was recorded (polarization of the uranium wire 
on anodization also was measured with respect to the silver-silver(I) ref- 
erence, and was of the order of 0.1 to 0.2 v. with respect to the equilibrium 
potential). In this manner, the potential between the uranium electrode 
and the silver reference could be measured at several different concentra- 
tions of uranium (III) in the uranium compartment. 

At the conclusion of a series of measurements, nitrogen was admitted 
to the cell, the electrode wires and caps removed, and the fritted compart- 
ments quickly lifted out of the cell. The compartments were placed in 
a large glass tube through which a vigorous flow of helium was conducted. 
In this way the melt was cooled to room temperatures within a few minutes 
of its removal from the cell. ‘The compartments were submitted for analy- 
sis, the sample weight being determined by weighing the compartment, 
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leaching the salts in water, and reweighing the glass. The amount of salt 
in each compartment could be computed from an analysis for total chloride 


and from the weight of salts found in each compartment. The density of — 


the eutectic was taken as 1.65 gm./ce. for all calculations in the tempera- 
ture interval 440° to 452° C.* The amount of uranium (III) and silver (I) 
in the compartments could be computed from the coulombs passed in the 
anodization or, in the case of uranium, from the uranium analysis. 


In one run the temperature was varied, and data on the emf-temperature — 


behavior were obtained on heating and cooling the system. 


Results and Discussion 


The Nernst equation for the uranium-uranium(III) system, against 
an arbitrary reference electrode, is given by 


Ey == Ey” + ea for In Cucls (1) 


where R, 7, and F have their usual significance, Hy° is the standard po- 
tential, in volts, of the U-U(IIL) system, and Cuci, represents the concen- 
tration of U(III) in the solvent. The concentration units may be in terms 
of molarity, molality, or mole fraction, resulting in three scales for E’, 
which refers to unit concentration. These three scales may be designated 
EXry » Emy , or EX, , depending on whether unit molarity, molality, or mole 
fraction is chosen as the standard state.’ As stated, the standard state 
for uranium (III) chloride and silver (1) chloride is unit concentration; 
for the metals involved the standard state is the solid metal under one at- 
mosphere of pressure. In the mole fraction scale, the standard state of the 
uranium (III) chloride and silver (I) chloride would be the solids. 


For the reversible cell utilized in these measurements, the emf will be — 


given by 
Eu = Eg — Ey? + RT/3F In Crem/Cuaw (2) 


Precisely, of course, the activities of uranium (III) and silver (I) should 


A: 


appear in EQUATIONS | and 2. However, over the range of concentrations — 


covered in this investigation [uranium (III) concentration was varied from 
about 10 ° to 10’ M, or a mole fraction variation of 10° to 10 *] nQquaTION 
1 as written was found to be valid. Similar behavior has been found for 
the silver-silver (I) couple in this eutectic for the concentration ranges 


herein involved." Thus, EQUATION 2 is also valid and was used to calculate { 
Ex, — Ey°. It would appear, therefore, that the activity coefficients of the — 


species involved are invarient over the concentration ranges involved within 


the accuracy of the measurements. 

In riguRES 2 and 3 Nernst plots of millicoulombs of electricity passed 
through the uranium compartment versus Ee, are shown. Data for these 
plots are given in TABLE 1. Slopes of linear portions of these plots are in 


good agreement with the theoretical value of RT/nF for a three-electron 
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process (2.3R7T/3F = 0.0478 at 450° C.). The concentrations of uranium 
(IIT) and silver (1) shown in Taste 1 were calculated from the weight of 
salt found in each compartment after the completion of the experiments 
and from the equivalents of electricity passed in the anodization process. 

The solidified salts from the uranium compartments were submitted for 
analysis for soluble uranium. The results, given in TABLE 3, compare the 


10° 


w 
(ea) 
= 
ro) 
4 
=) 
° 
oO 
si 
| 
= 
10° 
U/UCI3(KCI-LICI) // AgCl (KCI-LiCI)/Ag 
[Ag*] = 1.16 x 10-2 Mm 
Temperature = 447 °C 
Slope = 0.049 volts 
feta 


1.320 1.310 1.300 1.290 1.280 1.270 1.260 1.250 


E (volts) 
Figure 2. Log millicoulombs versus emf. 


amount of uranium coulometrically generated, assuming 100 per cent cur- 
rent efficiency, with the amount of uranium found by analysis. The 
amount of soluble uranium found is less than that calculated from the cur- 
rent-time product. Despite this, it seems unlikely that the current, effi- 
ciency was less than 100 per cent. The experimental Nernst plot slopes 
are in good agreement with the theoretical. Furthermore, the polarization 
of the uranium electrode, as previously mentioned, was less’ than 0.2 v. on 
-anodization; it is probable that the bulk of this was due to the build-up of 
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uranium (III) about the electrode during the electrolysis. Visual obser- 
vation of the uranium electrode during the anodization indicated that a 
marked concentration gradient existed. ; : 

Recent work on an in situ analysis for uranium (IIT) in this eutectic sys- 
tem has indicated that the anodization takes place at 100 per cent current 
efficiency.” 


10° 


104% 


MILLICOULOMBS 


U/ UCI3 (LICI- KCI) // AgCl(LiCI- KCI) 7Ag 
© Temperature = 440 °C 


Slope = 0.047 volts 
[Agt] = 1.67x10-2 M 
A Temperature = 452 °C 


Slope = 0.048 volts 
[ag*] = 2.07 x 10-2 M 


1.340 1.330 1.320 1.310 1.300 1.290 1.280 


E (volts) 
Figures 3. Log millicoulombs versus emf. 


A possible explanation for the low uranium analytical results is that the 
uranium (III), which is extremely sensitive to oxidation, was partially 


— 


converted to UO, during the period in which the compartments were re- — 


moved from the cell and frozen. Although this procedure was performed 
as rapidly as possible, a certain amount of black, insoluble matter indica- 
tive of oxide formation was present when the salts from the uranium com- 
partments were dissolved in water. Since the analysis determined only 
the water-soluble uranium, insoluble oxides would have escaped detection. 
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Calculations of a standard potential on the molarity scale, with respect 
to the unit molar silver-silver(I) reference, are given in TABLE 1. The 
calculations are made using the measured FE’... (column 5) and the concen- 
trations given in columns 2 and 3, calculated as indicated above. The in- 
ternal consistency of the calculated standard potentials is quite reasonable. 
However, it is worth noting that these E° values are not very sensitive to 
changes in concentration of uranium (IIT); an error of +10 per cent in the 


TABLE 1 
ee ome ut fag leeference 42 E Ey 
itoulative) (moles/ liter) (moles/liter) ee Measured (Ag/AgCl reference) 
eae 
569 AU pee it 1.16 X 10-2 447 1.320 —1.454* 
1,140 2.15 < 10-3 TrolS —1.464* 
1,710 8.23 - 10-3 ode, —1.469* 
2,280 4.30 X 10-3 1.3105 —1.474* 
2,850 5.38 X 10-3 1.309 —1.476* 
3,420 6.43 XK 1073 1.306 —1.477* 
4,270 8.04 X 1073 1.302 —1.478 
5,670 L07-X 1072 1.298 —1.480 
7,410 1.40 x 10° 1.293 —1.481 
11,410 2.16 X 10-2 1.282 —1.479 
12,230 2.32 *-10- 1.281 —1.479 
23 , 230 4.38 X 10-2 1.269 —1.481 
39,350 6.67 X 107 1.256 —1.476 
73,910 1.89 X 10 1.242 —1.477 
Avg. —1.479 + .001 
1,286 2.44 X 10-3 Oi Ome 440 1.345 —1.473* 
3,180 6.02 X 10-3 1.331 —1.478 
7,935 1.50 X 107 1.316 —1,482 
15,240 2.89 X 10°? 1.301 —1.480 
21,630 AAL XX 10-4 1.291 —1.477 
33,540 6.37 XK 10? 1.283 —1.477 
42,740 8.11 x 10-7 1.278 —1.477 
Avg. —1.479 + .002 

8,500 a4 >< 10 Pe >. Soa te 452 1,343 —1.469 
21,290 3.84 X 10-2 | 1.294 —1.469 


* Not used in computing average. 


concentration of uranium (III) would amount to an error of only +0.002 
y. in the calculated standard potential. An E',, value, with respect to the 
silver-silver(I) reference, of —1.475 + 0.005 v. and 450° C. was obtained. 
This corresponds to a value of —1.616 + 0.005 v. on the mole fraction 
scale. 

TABLE 2 and FIGURE 4 give the temperature dependence of the emf for 
the cell indicated; TaBLE 2 also gives Hx,, — Ex, calculated from the 
measured Econ and the Nernst equation at each temperature. From 


Log K = 3(E£x,, — Exy) F/2.3RT (3) 
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values for the equilibrium constant for the cell reaction may be calculated 
and log K versus 1/T plotted (rigurE 5). From the slope of this plot 
the enthalpy, AH was calculated according to the van’t Hoff equation, 


TABLE 2 
TEMPERATURE EMF BEHAVIOR FOR CELL 
(Xyoi, = 129 X 10-3 Xagci = 6.97 X 10 
U/UCIls KCI-LiCl WA KCI-LiCl, AgCl /Ag 
Muci, = 3.84 X 102 Magoi = 2.07 X 102 
Temperature E FS — Re 
(°C.) (volts) Ar Xu 
452 *1.2942, 1.295 1.611, 1.612 
457 : 1.2917 1.610 
460 1.290 1.609 
464 1.2822 1.603 
470 1.2805 1.604 
475 1.2733 1.599 
486 1.268 1.599 
490 1.2647 1.597 
495 1.260 1.595 
506 1.251 1.590 
514 1.244 1.587 
520 1.2433, 1.239 1.589, 1.585 
525 ener 1.584 
532 1eDah7 1.583 
533 1231 1.582 
534 1.229 581 


* Underlined data obtained from heating cycle; remainder on cooling. 


TABLE 3 
Expt. No. eae U pepe. bens U {ound 
1 73.91 60.8 48.1 79 
2 42.74 34.9 31.1 89 
3 21.29 by 3 9.9 56.5 
yielding a value of AH = —130 kcal. for the reaction 
U + 38AgCl(s) = UCl;(s) + 3Ag (4) 


Comparison of the experimentally determined values with available data 
is of interest. From the tables of Hamer et al.® a difference in Ex,, — EX, 
may be obtained. The difference thus obtained is —1.619 v. at 450° C., 
compared to the experimental value of —1.61 v. Comparison of the ae 
perimental AH with a calculated value also may be made.’ Calculation 
yields a value of —124 keal. for the reaction given in EQUATION 4 at 450° Ge 
which compares with the experimental value of —130 kcal. 
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Comparison of the data herein obtained for U-UCIII) with data recently 
obtained for Pu-Pu(III) couple also would be of interest.2 It was found 
that the relation was valid for the reaction 


Bee 20T 05037 keal 
Pac: : CEG) Paci 


in the range 958°-1014° K. Extrapolation of this data to 723° K and 


Dependence of EMF on Temperature for Cell 
Xycig® 29x 1073 hea aa a : 


beer LiCl /LiCI-KCl, AgCl 
Magct = 2.07 x 1072 


1.300 LU/UCI3 \ 


Mucig * 3.84 x 10-? 


1.290 oS = - 8.1 x 10° volts 7 °C 


A Heating 
O Cooling 


E (volts) 


50 460 470 480 490 500 510 520 530 540 


TEMPERATURE, °C 
Figure 4. Temperature-emf behavior. 


conversion to an H’x° value with respect to the silver-silver chloride reference 
yields a calculated value of 1.73 v., compared to 1.62 v. for the U-U(HT) 
system, a difference of 0.11 v. The tabulated differences in the free energies 
of formation of UCl; and PuCl; amount to about 15 keal. per moles ; this 
would represent an Hx° difference of approximately 0.2 v. According to 
Benz,’ however, the tabulated value for the free energy of formation of 
PuCl; is slightly high; thus, the expected potential difference between the 
Pu-Pu(III) and U-U(III) would be somewhat less than 0.2 Ve 

Further comment on FIGURE 2 may be of interest. It is to be noted 
that the plot of log coulombs versus emf deviates from linearity at low 
U(IIL) concentrations. This indicates that more U( HT) was present in 
solution than could be accounted for coulometrically. ‘This conclusion is 
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supported by visual observation of a U wire immersed in the pure eutectic 
melt. There appeared to be a slow corrosive attack on the wire, as indi- 
cated by a very slow appearance of the red uranium (III) color in the melt 
in the immediate vicinity of the wire. An experiment was performed in 
which small pieces of uranium wire were placed, together with eutectic 
pellets, in two small crucibles, one of Pyrex, the other of sapphire. These 


Xycia* 1-29 x 1079 
U/UGiga— he bracts U 
Muci3" 3.84 x10 


x = 697 x 10-4 
/ici-Kcl, agcig “8°! 2 (/AQ - 
Magci = 2.07 x 10" 


A Heating 


O Cooling 


Log K 


1.240 1.260 1.280 1.300 1.320 1.340 1.360 1.380 
+ x 109 


Fraure 5. Log K versus 1/T. 


crucibles were placed together in the bottom of the cell, which was capped 
placed in the furnace, and attached to the vacuum line. The cell as 
evacuated, heated to 450° C., and maintained at that temperature under 
vacuum for about 18 hours. It was observed that the melt in the Pyrex 
crucible was red; that in the sapphire was clear. On cooling, it was found 
that the salt in the Pyrex vessel was dark red, while that in the sapphire 
vessel was white. On dissolution in water, the salt from the Pyrex vessel 
gave a slightly colored solution with black particles evident. The uranium 


a gi ag, Ma 
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wire that had been in contact with the salt contained in the Pyrex vessel 
appeared to have an oxide coating. The salts from the sapphire vessel 
dissolved in water to give a clear solution, while the uranium wire appeared 
clean. These results indicate that there is a slight reaction between the 
melt and the fused silica or Pyrex vessel, resulting in the formation of a 
soluble silicon-containing species. This species could then react with the 
uranium metal to produce UCI; and Si. The reaction is slow and does not 
contribute appreciably to the uranium (III) concentration at long anodiza- 
tion times. At the high U(III) concentrations, therefore, the log plot be- 
comes linear. An attempt to minimize this effect was made by carrying out 
the subsequent measurements as rapidly as possible. 
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THERMODYNAMICS OF MOLTEN BINARY CHLORIDE 
MIXTURES CALCULATED FROM THE 
PHASE DIAGRAMS* 


Benjamin Chuf and James J. Egan 
Brookhaven National Laboratory, Upton, N.Y. 


Introduction 


Phase diagrams have been used by several investigators to derive thermo- 
dynamic data for binary mixtures. For metal alloys Hauffe and Wagner," 
Chipman,? Kleppa,’ Schottky and Bever,* Sheil,’ and others have used 
this method. For fused oxides Rey® and Richardson’ report results on 
several systems; also, Haendler,® Flood,’ and Buesman” report results on 
halide systems. An excellent review of the method is presented by Wag- 
ner. 

In the work reported here the technique is applied to binary chloride 
mixtures, with emphasis on systems that have stable intermediate phases 
or “double salts” in the equilibrium diagram, often an indication of large 
deviations from ideality in the liquid phase.” 

In general, this type of calculation yields only approximate results, but 
is very useful in cases where conventional experiments are very difficult. 
In the systems CaCl:-KCl, CaCls-RbCl, and CaCl.-CsCl the vapor-pres- 
sure method would probably be difficult to employ owing to a variety of 
species in the vapor phase.":4 The emf method would be complicated by 
dissolution of metal electrodes! in the salt and side reactions at the elec- 
trodes due to a small difference in stability of the salts. 


Basic Equations 


The phase diagrams considered here are analyzed by considering 2 types 
of heterogeneous equilibria: first, that between a pure solid and a binary 
liquid mixture containing a common component; and, second, that between 
an intermediate solid phase and a liquid mixture of the same components 
as the intermediate phase. 

In the first case the relative partial molar free energy of component 1 in 
the liquid mixture of mole fraction x2 is given by the equation™ 
AH; 


FeO yy (1) a 
1 ( 2 ) TS 


(T. = Peep 
(1) 
Te dT ig : 

+7. f Ff @2 - cs) ar 


* The work iy Are aper was done under the auspices of the United States 
Atomic Energy Commission, Washington, D.C. 
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when the mixture is in equilibrium with the pure solid of component 1. 
Here 7. is the temperature of the liquidus at composition x2, and AH, , 
oe 5 Co. and oe: are the heat of fusion, the melting temperature, and 
the molar heat capacities of pure component 1, respectively. Since pure 
liquid 1 is the standard state, this well-known equation is derived by merely 
calculating the free energy change on freezing pure supercooled liquid 1. 
_ Inthe second case, by considering the equilibria between an intermediate 
solid phase of practically constant composition and a liquid mixture Hauffe 
and Wagner’ have derived the following equations for a change in the rela- 
tive partial molar free energy in terms of quantities obtainable from the 
phase diagram: 


. (1) 
p= Fee (x,) — FEO a) = AEs | - neo (Tm — T.) 
2 


Lie — X» 
x2 fe — ie (2a) 
AH 1 — x, 
pe Fs @) —- FOR) == Eo (Tm — To) 
a ab : (2b) 


‘ x) [ ha 
(LX rel (ee V2 


where 7,, is the melting point of the intermediate phase at v2 = X2 and 
AH; is the heat of fusion of the intermediate phase assumed independent of 
temperature. Again, these equations are derived by considering the freez- 
ing of a supercooled liquid, but are considerably complicated by the pres- 
ence of 2 components in the solid phase. 

It is sometimes advantageous to express the derived quantities in terms 
of the excess partial molar free energy: 


FI (a2) = FY (a2) — RT In (1 — 22) (3a) 
FE (xq) = FY (a2) — RT In 22 (8b) 


If the solutions are regular in the sense that the entropy of mixing is ideal, 
the excess partial molar free energy is then temperature-independent. If 
the activity coefficients f: and fz are desired, they are readily obtainable 


from 
FY® = RT Inf (4a) 


Fi = RT In fe (4b) 


With the use of EQuATIONS 1, 2, and 3 one obtaius the free energy of at 
least one of the components at every composition of the binary mixture. 
An integrated form of the Gibbs-Duhem equation is used to obtain the 
excess free energy of the other component. 
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r2 Ree (a2) ek th aoe (x2) r2 (5) 


E(1) By hwo ay exis de tok 
Fz°” (a) Fy” (xo*) seed aria)? Li-t a e 


In this equation z2* is some composition where the excess free energy of 
both components is known. 


Results 


The phase diagram!*'8 for the LiCl-KCl system is shown in FIGURE 1. 
This mixture is commonly used as a solvent in fused salt work and is in- 


750 1023.16 
® 
700 : 973.16 
® 
650 LiCI-KCI ° 923.16 
600 O 873.16 
x 
gail: p 
= 550 Y 823.16 
x 
500 ° 773.16 
4. x a 
450 i 723.16 
400 x 4 673.16 
t 
0 l 2 3 4 5 6 7 8 9 10 
Licl MOLE PER CENT KCI KCI 
Figure 1. Phase diagram of the system LiCl-KCl. Symbols: cross, Elchardus 


oe ae ;1® open circle, Landolt-Bornstein;!’ solid circle, International Critical 
ables. 


included here as an example of a simple eutectic system. By the use of 
EQUATIONS 1, 3, and 5 the excess free energies have been calculated and are 


shown in FIGURE 2. The thermochemical data used in EQUATION 1 are as 
follows :19:20 


AH; (KCl) = 6.1 keal:/mole AH; (LiCl) = 3.2 kcal./mole 
C{P (KCl) = 16.00 cal./deg. mole ci? (LiCl) 


15.5 cal./deg. mole 


Cy (KCl) = 9.89 + 5.20 X 107 7+ 0.77 x 10572 = C (LiCl) = 114+ 34 X 10-8 T 


Results are also presented in TABLE 1. Here F;™ is calculated at the equi- 
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Ficure 2. The excess partial molar free energy of LiCl-KCl versus composition. 


TABLE 1 


70 


80 


90 100 


THERMODYNAMIC Data ON THE System LiCl-KCl 


Meer” CE) Fifa Fo Feo Frica fra 
0 883 0 
11 838 —5775 — 2099 3.83 X 
13.4 816 — 229 4.3 
22, 773 — 4361 — 2035 3.94 X 
25 753 —4009 —1935 4.13 xX 
25.4 741 —453 —21.5 
28.8 Taye — 567 —81.1 
30 vals) —578 —71.3 
33.7 688 — 3040 — 1553 4.91 X 
lial 655 — 2684 —1414 5.24 xX 
38.2 651 —774 —151.5 
41 627 —853 | —2358 — 1247 —196 5.65 X 
50 728 — 1828 — 825 6.86 X 
54 763 — 2090 —910 
60. 804 —1410 — 594 62 xX 
67.5 856 —3520 —1610 
70 872 — 1000 — 382 8.40 X 
80 930 —690.7| —279 8.80 X 
90 990 —7630 —340.9| —134 | —3100 9.40 X 
100 1048 0 0 1.00 


Frio 


. 2.42 * 107 
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librium temperature 7’,, and the activity coefficients are at 1100° K., 
assuming a regular solution. 

The phases present in mixtures of CaCl2 with KCl, RbCl, and CsCl are 
shown in FIGURE 3.2 A series of double salts is formed at equimolar com- 
positions of the pure components with relatively high melting points. 


1030° 


1000" : : 
4 CsCaCi, ~ 


930° 


os 
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RbCacl, 


900 
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550 
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ae 3. Phase diagrams for the systems CaCle-KCl, CaCle-RbCl, and CaCl.- 


EQuaTIons 2a and 2b are therefore used along with Equations 1, 3, and 5. 
Results are presented in riagureEs 4, 5, and 6 and in TABLEs 2, 3, and 4. 
The pertinent thermochemical data used are:!9:?° 


AHy (CaCl) = 6.8 keal./mole C{? = 24.7 cal./deg. mole Ci = 17.2 +3 xX 10° 7 
AHy (CsCl) = 3.6 kcal./mole CO = unknown 


AHy (RbCl) = 4.4 keal./mole CjP = 15.8 cal./deg. mole C{? = 11.5 + 2.5 X 10° T 


The heats of fusion for intermediate phases were approximated by as- 
suming that their entropies of fusion were equal to the sum of the entropies 
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of fusion of the pure components. Thus 
AH;(CaCl2-KCl) = 6.3 keal./equiv. 
AH;(CaClx-RbCl) = 6.6 kcal./equiv. 
AH ;(CaCl.-CsCl) 6.8 keal./equiv. 


In all these systems the deviations from ideality are negative and large, 
with a definite inflection point at the composition of the double salt. The 
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Fieure 4. The excess partial molar free energy of CaCl. and KCl versus com- 
position. 
system KCl-MgCl, is shown” in FIGURE 7 and is studied here to check the 
calculations against experimental values obtained by emf studies. The 
results of the calculations are shown in FIGURE 8 and TABLE 5 and are com- 
pared with emf measurements of Markov” and Niel and Wiswall (in prep- 
aration). The thermochemical data used were 


AH,;(MgClz) = 10.3 keal./mole 
COC (MgCl.) = 22.10 cal./deg. mole 


ll 


CS (MgCl.) = 18.90 cal./deg. mole 
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The agreement between measured and calculated points leaves much to be 
desired but, since even the experimental values of separate investigators do 
not agree, the calculations should be usable as a first approximation in 
other systems where experiments are not available. 
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Figure 5. The excess molar free energy of CaCl2 and RbCl versus composition. 
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Conclusions 


Large deviations from ideality can exist in liquid chloride mixtures even 
when both components are predominantly ionic. This is especially true 
when cations of different valences are mixed, as shown by the above cal- 
culations. Whenever these systems are to be used in slagging or similar 
operations, the highly negative free energies of mixing will affect the final 


TABLE 2 
THERMODYNAMIC PROPERTIES OF THE System KCl-CaCl, 
mea” Ce) Fei F dacl, Fk Js CaCl, frei Seaci, 
0 1050 0 0 1 
10 1015 —227 | —7703 —14.5) 2.95 X 10? | 9.98 x 107 
15 994 — 383 —62.0 9.72 X 107 
20 971 — 532 —101 9.54 X 107 
22.2] 958 —6391 5.38 X 107 
25 937 —751 —215 9.06 X 107 
26.5) 914 | —8311 —899 | —5899 —340 | 6.73 X 10° | 8-56 X 107 
30 956 | —7463 | —1230 | —5176 —562 | 9.388 X 10-2 | 7.73 X 107 
35 987 | —6724 | —1587 | —4665 —742 | 1.18 X 107 | 7.12 X 107 
40 1009 — 6047 —1994 | —4210 —970 1.46 X 107 | 6.42 * 1071 
45 1022 — 5434 —2447 | —3812 — 1233 Lee SO 10=* aed 69" 61052 
50 1027 —4440 —3379 | —3026 —1965 2.51 X 107! | 4.07 X 107 
55 1018 | —3094 | —4836 | —1885 | —3220 | 4.22 x 107! | 2.29 & 1071 
60 998 — 2388 —5788 | —13875 — 3975 5.338 X 10°! | 1.68 XK 107} 
65 966 —1813 —6757 — 986 —4742 6.37 X10 | 1.14 >< 104 
70 933 — 1448 —7528 —787 — 6296 6.98 X 107 | 8.87 * 107 
75.5 | 873 | —1007 | —8708 —519 | —6268 | 7.89 X 1071 | 5.69 * 10-2 
80 924 —714 — 304 8.71 X 107 | 5.72 * 107? 
85 966 —575 — 263 8.87 X 1071 
90 1007 — 235 —241 | —9024 | 8.96 X 10°! | 1.61 X 10-2 
95 1038 —60 +45.8 1.23 
100 1049 0 0 1 
TABLE 3 
THERMODYNAMIC PROPERTIES OF THE SysSTEM RbCI-CaCl. 
cea Ck) AF RC AF eal, Fite Féacl, Fino Fé,c1, 
100 999 0 0 
96 989 —44 36 
90 963 —158 44 
85 931 — 296 5 
82 903 5146 — 8438 —416 | —12337 —60 —9261 
70 1080 4268 —5618 —1294 —9515 —529 — 6939 
60 1161 3220 — 3681 — 2342 —7580 —1164 — 5466 
55 1187 2403 —2578 —3159 — 6477 —1749 —4593 
50 1203 0 — 5562 — 3899 — 3905 — 2242 
45 1196 —1470 1393 —7032 — 2506 —§134 —1085 
40 177 — 2266 1981 — 7828 —1918 — 5685 —723 
30 1118 — 3676 2738 — 9238 —1161 — 6564 — 369 
20 1018 — 5304 3275 — 10866 — 624 —7610 —173 
16 969 —5991 3423 —11553 —476 —8025 | —140 
12 995 — 342 —89 
6 1025 — 128 
0 1045 0 
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equilibria appreciably. Results obtained here should be useful as a first 
approximation in calculating distribution coefficients. 
Summary 
The excess free energy of mixing of both components is calculated for the 
binary systems LiCl-KCl, MgCl:-KCl, CaCl.-KCl, CaCl.-RbCl, and CaCl:- 


TABLE 4 
THERMODYNAMIC PROPERTIES OF THE SysTEM CsCl-CaCl: 


wee CK) al Mei AF Cael, Fé&c1 F CaCl, FE.c1 F CaCl, 
100 915 0 0 

95 897 —70.9 20.5 

93 889 ; —102 26 

91 883 5193 —9577 — 126 — 14478 40 — 10254 

80 1049 4828 —7479 —491 — 12380 — 26 —9025 

70 1182 4139 — 5402 —1180 — 10303 — 342 —7476 

60 1261 3173 — 3612 — 2146 —8513 — 866 — 6217 

50 1303 0 0 — 5319 —4901 | —3525 —3107 

40 1265 — 3408 3011 — 8727 —1890 | —6423 — 606 

30 1205 —4781 3758 —10100 —1143 | —7218 — 289 

20 1118 —6143 4212 — 11462 —689 | —7887 —193 
9 981 — 7860 4499 —13179 —402 | —8486 —218 
ia 995 —323 —181 
4 1019 —158 —75.0 
0 1045 0 0 
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Fiaure 7, Phase diagram of the system MgCl.-KCl. Data from Menge.” : 
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Figure 8. The excess partial molar free energy of MgCl: and KCl versus com- 
position. Symbols: A, calculated from phase diagram; B, calculated from meas- 
urements at Brookhaven National Laboratory; C, calculated from emf measure- 
ments of Markov eé al.?8 


TABLE 5 
THERMODYNAMIC PROPERTIES OF THE SystEM KCI-MgCl, 
mei CK) Fol Fitgcl, Foi FMC, fKC1 fMgCle 

0 984 0 0: ball 

10 956 —293 | —16238 —92.4) 5.94. & 10-4 | 9.59 X 1073 
20 913 —722 —317 ; 8.65 X 107} 
30 857 —1280 | —12044 —673 | 4.05 X 10-3 | 7.35 x 1072 
40 785 — 1987 —9961 —1190 1.05 X 10-2 | 5.80 & 107! 
45 743 | —9417| —2390 — 8238 —1507 | 2.381 * 10-2 | 5.02 X 107! 
47.5 756 | —8073| —38734 —6955 | —2766 | 4.15 X 10-2 | 2.82 x 107 
49 760 | —7156| —4667 —6079 —3650 | 6.20 X 10-2 | 1.88 X 107 
50 761 | —6204) —5156 — 5156 —4555 | 9.46 * 10-2 | 1.25 X 107} 
Be 760 | —5545| —6278 | —4558 | —5170 | 1.24 & 10°! | 9.40 X 10 
53 759 | —5389| —6451 —4432 | —5312 1.32 X 1071 | 8.81 X 10° 
55 755 | —5009} —6898 | —4112 — 5700 os Ce One ol Gate oan 
60 735 | —4078} —8163 — 3332 —6825 | 2.18 X 10°! | 4.41 X 10°? 
64.5 703 | —3269} —9505 — 2656 —8058 | 2.97 * 107! | 2.51 kK 10°? 
65.5 705 | —3044| —9912 — 2451 8429 wiloee0, KelOr eZ, 12.98 Lor? 
67.5 705 | —2216) —11606 | —1665 | —10032 | 4.67 X 107! | 1.02 X 10°? 
68.3 703 | —1934| —12178 | —1401 | —10573 | 5.27 X 1071 | 7.94 x 1073 
70 763 | —1615 —1075 5.33 X 107 

75 848 | —1149 —664 | —13921 7.38 ele Pade LOe? 
80 905 — 829 —428 8.22 XX 10" 

90 993 —325 —117 | —19770 | 9.48 © 10° |-1:07-x<" 10-4 

3 0 
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CsCl from existing phase diagrams. The method of Hauffe and Wagner’ 
is employed for systems containing intermediate phases along with the 
conventional equations for freezing-point lowering and the Gibbs-Duhem 
equation. For the purposes of the calculations, approximations have been 
introduced concerning the heats of fusion of double salts present in these 
systems. Results of the calculations are checked with experimental data 
available in the case of MgCl:-KCl, and the agreement is within the limits 
expected. Since the values obtained for the excess free energy of mixing 
show that large deviations from ideality are present, the importance of small 
errors inherent in this method is minimized. 
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THE CRYOLITE SITUATION 


L. M. Foster 


Alcoa Research Laboratories, Aluminum Company of America, New Kensington, Pa. 


One may wonder why there is still an unexplained situation with regard 
to cryolite in an industry that for seventy years has been producing alu- 
minum from the electrolyte that is essentially unchanged in composition 
and manner of use from the time it was first melted by Charles Martin Hall. 
There is some justification for the paucity of fundamental information 
about this electrolyte, however. Cryolite is a molten fluoride and is one 
of the most corrosive materials known. It can be contained in platinum, 
but obviously platinum cannot be used if the experiment involves molten 
aluminum as well. It can be contained in graphite or boron nitride, but 
these materials have serious limitations. 

Cryolite vaporizes with decomposition and changes its constitution and 
freezing point. It oxidizes in the air to produce soluble aluminum oxide, 
which greatly confuses thermodynamic data based on thermal arrests and 
phase-diagram studies in general. Finally, it hydrolyzes at high tempera- 
ture to form aluminum oxide and hydrogen fluoride. It is not surprising, 
in view of these experimental handicaps, that most of the old information 
on cryolite was data obtained in plants during commercial operation and, 
considering the limitations, some of this information was reliable. How- 
ever, the knowledge and understanding of cryolite that have been achieved 
in the last three years are probably greater than everything that had been 
gained in the previous sixty-seven. This paper will describe the present 
status of the cryolite problem, call attention to the inadequacies in current 
information, and point the direction in which future work probably will go. 

Cryolite is a double fluoride of sodium and aluminum, 3Nal’- AIF; or 
NasAIF,. It occurs naturally in Greenland as a water-white crystal. 
The word cryolite means icelike. Cryolite can be produced synthetically 
from sodium aluminate and HF or by fusing together sodium and alu- 
minum fluorides in the stoichiometric proportions. 

The most recent phase diagram of the Nal-AlF; system is shown in 
FIGURE 1, based on the data of Grjotheim.!_ The principal point of interest 
here is the broad congruent melting at the cryolite composition. Such 
broadening of the liquidus boundary indicates partial decomposition of the 
solid compound on melting. Only the most naive view would suggest that 
sodium fluoride and aluminum fluoride would be the most probable decom- 
position products. Nevertheless, this was the opinion for many years. 

To keep events in chronological order, some transference work in molten 
eryolite-alumina reported by Frank and Foster’ should be reviewed, The 
data shown in TABLE 1 were obtained in experiments carried out with 
porous membranes and by using radioactive aluminum, fluorine, and so- 
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Figure 1. Phase diagram of NaF-AlF; system. 
TABLE 1 
TRANSPORT RESULTS 
Transport, equivalent per faraday from 
Element Diaphragm 
Anode to cathode Cathode to anode 
Sodium Al;0; 1.01 + 0.001* 
Sodium Al2O3 1.07 + 0.001 
Sodium Al.O3 1.01 + 0.001 
Sodium BN <0.003 
Aluminum BN 0.0357 + 0.0007 
Fluorine BN 0.0205 + 0.0008 


* Precision limits refer to radioactive counting procedure only; total limits might 
be a few per cent of the absolute values. 
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dium. It is seen that, during the electrolysis of aluminum oxide dissolved 
in ecryolite, almost all of the current is transported to the cathode by 
sodium ions. A very small percentage of the current is transported to the 
anode by sodium-free anions that contain aluminum and fluorine, either 
separately or combined (the transport of oxygen could not be followed since 
there is no satisfactory radioactive oxygen isotope). The transport data 
do not have an unequivocal interpretation since, within the precision of the 
experiment, it cannot be determined whether fluorine migrates with a single 
negative charge as a fluoride ion or whether it is combined with the alu- 
minum as a complex anion of undetermined valence. Nevertheless, there 
are two striking features apparent: first, there is no migration of aluminum 
to the cathode; and, second, the migration of fluorine, whether singly or as 
a complex anion, does not contribute more than a small percentage to the 
total transfer of charge. 

An explanation for the first effect is more obvious than for the second. 
The implication is that there are no free Al*+**+ ions in these melts, since 
such ions surely would carry a substantial part of the current. 

The almost negligible conductivity by fluoride is more surprising when it 
is considered that there are one and one half times as many fluorine atoms 
as sodium and aluminum atoms combined. Clearly, any model for the 
structure of molten cryolite must provide for this rather anomalous trans- 
port behavior. 

In the course of measuring the electric conductivity of NaF-AlF; melts, 
Edwards et al.? had determined the molten densities at several tempera- 
tures. A number of investigations had indicated that ideal additivity of 
volumes might be expected in many molten salt systems at high tempera- 
ture. With this assumption, Frank and Foster* calculated the densities of 
NaF-AIF; melts at various temperatures over a considerable range of 
composition according to the following possible mechanisms for the disso- 

ciation of cryolite in the molten state: 


Na;AlF, 2 3NaF + AIF; SCHEME | 
3Na;AlF, = 4NaF + 5Nak-3AlF; SCHEME 2 
NasAlFs @ 2NaF + NaAlFy SCHEME 3 


In the calculations, no cognizance was taken of the degree of ionization of 
the various species, since the assumption of additive volumes did not re- 
quire it. Scheme 1, therefore, could be considered to yield Nat, Al*t**, 
and F- ions, as well as AlF,~~ ~ at equilibrium, but it does not preclude 
the possibility of un-ionized AIF; molecules. The second scheme was con- 
sidered since chiolite (5NaF'-3AlF;) appears as a stable compound in the 
NaF-AIF; phase diagram, and was identified in vapors from the melt. 
The third scheme had some attractive features. The decrease in co- 
ordination of the aluminum at high temperatures was reasonable, and 
NaAIF, had been identified by Howard.’ 
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By arbitrary but reasonable density assignment to the species present 
at equilibrium in each scheme and by adjustment of the dissociation 
constant, it was possible by means of successive approximations to obtain 
exact agreement with the experimental density curve at several tempera- 
tures according to the third dissociation scheme. It was not possible by 
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FieurE 2. Densities of NaF-AIF; melts. 


any adjustment of parameters to get agreement with the first and second 
dissociation schemes. 

Figure 2 shows the experimental and calculated densities at 1000° C. 
according to Scheme 3, with a dissociation constant of 0.09. The equilib- 
rium molecular composition of the melts at 1000° C. is shown in FIGURE 3 
It is calculated that the melt at the eryolite composition consists of 65.2 
per cent Na;Alf’s , 13.9 per cent NaF, and 20.9 per cent NaAlF, , by weight. 
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While these calculations were in progress, Grjotheim reported inde- 
pendent calculations on the constitution of cryolite. He attempted to 
reproduce a portion of the N aF-AlF; phase diagram by cryoscopic calcula- 
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Figure 3. Equilibrium compositions of NaF-AlF; melts. 


ions of the liquidus boundary according to several possible dissociation 
chemes. Grjotheim, too, arrived at the dissociation of eryolite to NaF 
nd NaAIF, as providing the best fit to the experimentally determined 
hase diagram. His dissociation constant was 0.06 at 1000° C., which 
ould give only slightly different compositions than those determined by 
rank and Foster. Several assumptions were made by both workers. 
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Both assumed unit’ activity coefficients. The assumption by Frank and 
Foster of completely additive volumes was, at best, an approximation. — 
Grjotheim assumed a temperature-independent heat of fusion of eryolite 
and sodium fluoride, and a zero heat of dissociation of cryolite. Frank and ; 
Foster did not require the heat of fusion, and calculated the heat of dis- 
sociation of eryolite from the variation of the equilibrium constant with 
temperature as 22 kcal./mole. 

There is other evidence for the existence of NaAIF, and the plausibility 
of the third dissociation scheme. At temperatures somewhat above the 
melting point these fluoride melts become quite volatile. It was known 
that the volatility was related to the AIF; content, but in no obvious 
manner. A natural assumption was that the volatile phase was principally 
aluminum fluoride; this appeared to be confirmed by X-ray patterns of the 
condensed vapor that always showed large proportions of AlF;. X ray 
also showed chiolite, 5NaF-3AlF;, however, and its presence was not’ 
explained as readily. This anomaly was resolved by Howard who showed 
that, if the vapors were rapidly quenched, the product by X-ray and 
chemical analysis was NaAlF;. Only on slow condensation or by re- 
heating the quenched condensate would this material disproportionate, 
thus 


5NaAlF, = 5Nalk’-3AlF; + 2AlPF; 


Consequently, there was no evidence that AlF; was a component either of 
the vapor or the melt itself. 

Ginsberg and B6hm® determined the “‘cold’”’ composition of the volatile 
material from the above various melts in the NaF-AIF; system without, 
however, actually measuring vapor pressures. Their data are shown as 
the open circles in FIGURE 4. In work in progress, W. B. Frank (to be pub- 
lished) shows that by assigning relative vapor pressures of 5, 1, and 30 to 
the species Nas;AlI’s, Nal’, and NaAlF,, the solid line in rrgurE 4 is ob- 
tained by employing the melt compositions shown in FIGURE 3, thus sub- 
stantiating the third cryolite dissociation scheme. 

With this knowledge of the composition of molten NaF-AIF; melts, it is 
possible to obtain an insight into possible mechanisms of electric conduc- 
tivity. The electric conductance of NaF-AIF; melts over a range of 
composition including cryolite was measured by Edwards et al.,3 Yim and 
Feinleib,’ and Winterhager and Werner. These data are shown in 
FIGURE 5, with the best average shown by the solid line. 

The transport experiments of Frank and Foster showed that conductivity 
in dilute solutions of alumina in cryolite was due very largely to sodium, 
with a small contribution from fluorine. Necessarily, of course, the small 
amount of aluminum that moved anodically would be tied up as a complex 
anion, possibly the aluminate, AlO2’, and can be neglected in consideration 
of transport in pure cryolite. 
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From the equilibrium compositions of NaF-AlF; melts at various 
weighed-in mole ratios and the experimental specific conductivities, Frank 
and Foster® calculated the contribution of sodium and fluoride to the 
conductivity according to various conductance mechanisms, in all cases 
attributing all of the conductivity to the small Na+ and F- ions. 

The basis of the calculations was the solution of equations relating the 
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Ficure 4. Vaporization of NaF-AIF; melts. 


concentration of Nat and F- to the measured specific conductivity of the 
melt, thus 
CyatAnat Se Cy-Ap- =L 


where C'ya+ and Cy- are the concentrations of sodium and fluoride ions in 
proper units, L, the measured specific conductivity, and Anat and Ay-, 
the equivalent conductances of sodium and fluoride ion. Since the con- 
centration of the ions could be calculated from the gross composition of the 
melt with various assumptions as to the degree and manner of ionization, 
pairs of these equations could be solved simultaneously for the equivalent 
conductances of the sodium and fluoride at any two compositions. 
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The simplest assumption as to the manner and degree of ionization, where 
all species are completely ionized, could not be correlated to the experi- 
mental data if the stipulation were made that sodium and fluorine should . 
conduct in the inverse ratio of their ionic radii, as required by the Stokes- 


o EDWARDS ET AL. 
4 YIM & FEINLEIB 
0 WINTERHAGER 


SPECIFIC CONDUCTANCE 


.e) 0.1 0.2 0.3 0.4 


MOLE FRACTION Al FS 
Figure 5. Electric conductivity of NaF-AIF; melts. 


Kinstein relation. However, very reasonable results, with Aya+ and Ay- 
in the proper ratio, were obtained according to either of two other mech- 
anisms. In the first case, it was assumed that the conductance mechanism 
in a melt is the same as in the solid; that is, conductivity of cations by 
diffusion via cation vacancies and conductivity of anions by diffusion via 
anion vacancies. Carrying the analogy to the solid further, it was rea- 
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soned that there is a calculable probability that an anion and cation vacancy 
will occur together to form a paired vacancy, and if a sodium and a fluoride 
ion move into such a paired vacancy together, in opposition, if necessary, to 
the electric field gradient, it will constitute a gross diffusion of material 
that does not contribute to the electric conductivity, which results from 
single ion vacancy diffusion only. Borucka et al.!° were able to show that 
the self-diffusion of sodium chloride could be explained in this way without 
violation of the Nernst-Einstein relation. It was shown in the present 
case that reasonable conductivities for sodium and fluoride were obtained 
(Anat = 96.4, Ay- = 67.5) in the ratio required by the Stokes-Einstein 
relation if, for 68 per cent of the time, Nat and F- were diffusing via single 
ion vacancies and 32 per cent of the time by double ion vacancies. It also 
was shown that this situation would result from a vacancy of about 6 per 
cent of the total cation and anion sites. 
It was not necessary to employ the “hole” theory of melts to explain the 
data in the cryolite system, however, and, in an alternative mechanism, it 
’ was shown that the conductivity could be explained if sodium fluoride were 
dimerized partially in the melt, thus 


NaekF> = 2Nak 


with the dimers completely ionized to NaF;- and Nat and the monomers 
completely ionized to Nat and F-. According to this scheme, correlation 
between melt compositions and conductivities was obtained with a degree 
of dissociation of the dimer of 0.69 at 1000° C. Equivalent conductances 
for sodium and fluoride of 83.8 and 58.7 were derived. 

Having the equilibrium constants for the dissociation of cryolite to NaF 
and NaAIF, and for the dimerization of the Naf, the concentrations of 
Nat and F~ at the cryolite composition were calculated. From the equiva- 
lent conductance of Na+ and F- derived above, transference numbers of 
twat = 0.88, and tp- = 0.12 at the cryolite composition were obtained. 
This should be compared to approximately tyat = 0.95 and tr- = 0.05 
that were estimated from the transference experiments in alumina-cryolite 
melts after estimating the effect of the alumina on the behavior of pure 
eryolite. 

It will be remembered that this agreement was obtained only by making 
the assumption in the calculations that sodium fluoride is dimerized par- 
tially. There is other substantiation for this. In Grjotheim’s calculations 
of the NaF-AIF; phase diagram, the fit of the liquidus boundary on the 
sodium fluoride side of the eutectic was obtained by assuming a heat of 
fusion for sodium fluoride of 6.95 kcal./mole. Subsequently, however, 
calorimetric heat of fusion of 8.03 kcal./mole was reported." At the time, 
this discrepancy was not resolved. It now appears that good agreement 
between the calculated and observed liquidus boundary on the sodium 
fluoride side of the eutectic can be obtained if the compositions determined 
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by Frank and Foster or Grjotheim are modified to include a certain amount 
of sodium fluoride dimer in the melt. The difference between the calorime- 
tric and the estimated heat of fusion of sodium fluoride is a heat of dissocia- 
tion of the dimer to the monomer in the liquid. In the calculations of the 
various possible mechanisms of conductance in these melts, it was deter- 
mined that good correlation could be obtained if pure sodium fluoride were 
32 per cent dimerized at 1000° C. If the difference between the calorime- 
tric and estimated heat of fusion of sodium fluoride (1.08 keal./mole) repre- 
sents the heat effect in dissociating 69 per cent of the dimers, the heat of 
dissociation per mole would be about 3.5 keal. 

In conclusion, it is seen that, in order to correlate various kinds of experi- 
mental data on cryolite and other compositions in the NaF-AlF; system, it 
is necessary to assume extensive dissociation into simpler compounds. In- 
formation on electric conductivity and transport, melt densities, cryoscopic 
lowering, and vapor pressures is best explained by dissociation of cryolite 
to NaF and NaAlF,. A refinement of the general theory is required to 
get very good agreement of the cryoscopic lowering and electric conduc- 
tivity, if it is assumed that the Stokes-Einstein relation must be obeyed 
in the latter. The suggested refinement is that sodium fluoride is substan- 
tially dimerized in the melt. 


Summary 


Information on electric conductivity, transport, melt densities, melt 
constitution, and vaporization processes in the Nal-AlF; system have been 
considered in an effort to obtain correlation. The simple picture of 
eryolite dissociating to sodium and aluminum fluorides and these ionizing 
to Nat, Al***, and F~ ions is not acceptable. Dissociation to NaF and 
NaAlF, can be correlated to molten densities, cryoscopic lowering, and 
vaporization processes. Correlation with electric conductivity and trans- 
port data also is obtained if the sodium fluoride further is considered to be 
dimerized partially in the melt. The best information yields the following 
values: cryolite composition at 1000° C., 65.2 per cent NasAll’s, 13.9 per 
cent Nal’, 20.9 per cent NaAlF,, by weight; vapor pressures of NasAIF’ , 
NaF and NaAlF; in the ratio 5:1:30; pure, molten NaF is 31 per cent 
dimerized at 1000° C.; equivalent conductances of Nat and F- are 83.8 
and 58.7, at the cryolite composition. 


References 


. GriotHEmm, K. 1956. Norske Videnskas Selskabs Skrifter. No. 5 
; oe Tio mee 3 ae gti He 3 Phys. Chem. 61: 1531-1536. 
. Epwarps, J. D., C. S. Taytor, L. A. 3 . 8. 
Pe eee tan tae osGROVE & A. 8. Russenu. 1953. J. 
. Frank, W.B. & L. M. Fosrur. 1959. Constitution of Cryolite and NaF-ALF; 


Melts. Intern. Symposium on the Physical Ch : 
burgh, Pa. ysical Chem. Process Metallurgy. Pitts- 


5. Howarp, H. HH. 1954. J. Am. Chem. Soc. 76: 2041. 


= whe 


Lo) Co SI &> 


10. 
hs 


Foster: The Cryolite Situation 929 


. GinsperG, H. & A. Boum. 1957. Z. Electrochem. 61: 315. 
- Yim, H.W. & M. Feinuers. 1957. J. Electrochem. Soc. 104: 622-626. 
. WINTERHAGER, H. & L. Werner. 1956. Forschungsber. Nr. 31 Wirtsch. u. 


Verkehrsmin. Nordrk-Westf. 


. Frank, W.B. & L.M. Foster. 1959. The Electrical Conductivity of Cryolite 


and NaF-AIF; Melts. Symposium onMoltenSalts. 135th Meeting Am. Chem. 
Soc. Boston, Mass. 


Borucka, A. Z., J. O’M. Bocxris & J. A. Krrcuener. 1957. Proc. Roy. Soe. 
London. 241: 554-567. 


Keuuny, K. K. & C. J. O’Brien. 1957. J. Am. Chem. Soc. 79: 5616-5618. 


ABSORPTION SPECTRA OF FUSED-SALT SOLUTIONS 


G. Pedro Smith and Charles R. Boston 
Metallurgy Division, Oak Ridge National Laboratory,* Oak Ridge, Tenn. 


Studies have been made of the ultraviolet absorption spectra of the 
oxy-anions nitrate, chromate, and nitrite in a variety of fused-salt mixtures. 
These oxy-anions are representative of an important class of inorganic 
anions in which covalent bonding is significant. Such ions have internal 
electronic transitions involving orbitals common to the entire ion. These 
transitions may have energies anywhere in the range from the visible to the 
vacuum ultraviolet and may have molar absorbancy indices of from less 
than 1 to greater than 104 liters/mole-cm. 

The chromate, nitrate, and nitrite anions provide three distinctive sym- 
metries ranging from the relatively high symmetry of the chromate ion to 
the low symmetry of the nitrite ion. These symmetries are tetrahedral 
(Ta) for chromate, planar-symmetrical (D3,) for nitrate, and angular 
(Czy) for nitrite. In crystals these structures have been confirmed by X-ray 
diffraction measurements and by some Raman and infrared spectra. For 
the nitrate ion, Raman spectral measurements on fused nitrates!*? show 
that the D3, symmetry is, at most, only slightly distorted in salt melts. 

Spectral bands of the type considered here are sensitive to the medium 
in which the anion is dissolved; that is, for different solvent media the 
bands may shift in strength and in wave-length position. Such shifts 
arise from the perturbations of the anion orbitals by molecular neighbors. 
Substantial shifts may represent the formation of new molecular linkages 
such as the action of H+ on NO;~ to yield the HNO; molecule. When the 
perturbations are not excessive, it may be possible to correlate the meas- 
ured spectral shifts with changes in neighbor-molecule configurations about 
a light-absorbing anion. It is very difficult to do this in a meaningful way 
for most solutions for which such shifts are observed—for example, for 
concentrated aqueous solutions—because the changes in configuration arise 
from complex solvation processes. However, fused salts with cations of 
rare-gas electronic configurations should provide uniquely simple liquid 
solutions with which to study the perturbations of light-absorbing anions 
by neighbor ions in which it may be possible to treat the perturbing effects 
of the cations as arising from their electrostatic fields. In order to apply 
such considerations to the spectra of nitrate, chromate, and nitrite ions in 
fused-salt media, it is necessary to show that the observed electronic bands 
are more or less mild perturbations of the familiar electronic transitions for 
these ions. 


* Operated by the Union Carbide Corporation, New York, N.Y., for the United 
States Economic Energy Commission, Washington, D.C. 
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Previous Spectral Measurements 


The low-energy end of the electronic absorption spectra of nitrate, chro- 
mate, and nitrite anions has been measured for a variety of nonfused-salt 
media. These studies show that, so long as strongly complexing cations 
are absent, the observed transitions persist in all solvent media and are per- 
turbed only mildly from medium to medium. Although spectral measure- 

‘ments are available for fused-salt media that contain nitrate ions (but not 
chromate or nitrite ions), the results, taken as a whole, leave serious ques- 
tions as to whether the characteristic electronic transitions persist in these 
media without profound modifications. 

_The observed electronic spectrum of the nitrate ion in nonfused-salt 
media consists of a weak lowest-energy band and a very strong second band. 
In dilute aqueous solutions these bands occur at 302 and 194 my with molar 
absorbancy indices of 6.4 and 12,000 liters/mole-cm., respectively.2. Both 
bands also have been observed in crystalline KNO;, where they occur at 
approximately 295 and 195 muy, respectively. The maximum of the second 
band seldom has been measured, but the first band has been the subject of 
numerous investigations, including many investigations of concentrated 
aqueous solutions,’ of a large number of crystalline nitrates,®® and of or- 
ganic solutions of inorganic nitrates.’ In all cases, the first band is found 
to be about 300 my; where concentration was determined, the band was 
found to be quite weak, with ay generally between 6 and 12. In all cases, 
the overlapping absorption edge of the strong second band was observed. 
In aqueous solutions high concentrations of strongly polarizing cations such 
as Lit and Ca**+ and of some anions such as Cl are especially effective in 
shifting the first band maximum toward shorter wave lengths and higher 
molar absorbancy indices, whereas high concentrations of Kt ions have 
only a slight effect. 

The measurements of Maslakowez? indicate that the ratio of the strength 
of the first band to that of the second is very much smaller for crystalline 
KNO; than for all aqueous solutions. This would indicate a strong per- 
turbation, but whether of the first or the second or both bands remains 
unknown. 

Studies of the electronic absorption spectra of fused nitrates are limited. 
Asearly as 1916, Schaefer’ determined the profile of the ultraviolet spectrum 
of a KNO; melt and found the first band at about 300 my, followed by a 
steeply rising absorption edge at shorter wave lengths. His relative profile 
is in general agreement with our results for pure fused KN Os. Keenan® 
has reported the ultraviolet spectrum of fused ammonium nitrate. He 
found the first nitrate band in the vicinity of 300 my with an approximate 
au value of 3 followed, at shorter wave lengths, by a composite band with 
at least 3 maxima not much stronger than the 300-my band. This second 
band is unlike any nitrate spectrum previously measured. The spectral 
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region for which the weak, multipeak band is reported, 220 to 260 my, is 
in all other instances dominated by a very strong absorption edge. Sakai’? 
and Sundheim and Greenberg" have measured ultraviolet absorption edges 
‘ for several fused alkali metal nitrates and ammonium nitrate that were 
characterized by single wave-length values. The absorption edges for 
CsNO; and RbNO; reported by Sakai are displaced substantially and 
significantly toward higher energies compared with those for LiNOs; and 
NaNO; reported by Sundheim and Greenberg. Furthermore, measure- 
ments of Sakai!® on the absorption edge for NHsNO; cannot be reconciled 
with the work of Keenan because Sakai reports the strong absorption edge 
occurring at a wave length where Keenan finds the weak complex band 
occurring. 

The electronic spectrum of the chromate ion in aqueous solutions shows 
2 moderately strong maxima with molar absorbancy indices between 3000 
and 5000 liters/mole-cm. The lowest-energy band is slightly stronger than 
the second band and has an absorption edge that extends into the visible 
and gives chromate crystals and solutions their distinctive yellow color. 
This spectrum is well known for aqueous solutions and has been recom- 
mended as an absorbance standard.” Schaumann‘ reports the first band 
maximum for crystalline K,CrO, to lie at 365 my at room temperature. 
This is only slightly different from the aqueous solution value of 366 muy. 
In recent research as yet undescribed in print R. A. Osteryoung* of Rens- 
selaer Polytechnic Institute, Troy, N.Y., measured the first band of the 
chromate ion dissolved in the LiINO;-KNO; eutectic and obtained a spectral 
profile that was very similar to ours. 

The electronic spectrum of the nitrite ion in aqueous KNO, consists of a 
weak broad asymmetric band at about 360 mu skewed toward short wave 
lengths and a very strong peak between 200 and 220 my with a shoulder 
due to a weaker band at slightly longer wave lengths.’ In crystalline 
NaNO at liquid nitrogen temperatures, it has been shown that there is a 
very weak band at about 300 my that is overlapped at higher temperatures 
by the 360-my band so that a single, skewed band results." - This very 
weak band must account also for the skewing of the first band for aqueous 
nitrites. The spectrum of crystalline KNO: at room temperature gives 
some indication of a similar very weak band between 260 and 290 my, and 
also indicates that the ratio of the strength of the 360-myz band so that of 
the strong, 200-my band is much smaller than that for aqueous solutions.* 


; Experimental 
The nomenclature and symbolism used in this paper are similar to those 
of Gibson.” _ However, in order to assign numerical absorption values to 
the spectrum of pure LiNO;, the term molar absorbancy index, which Gib- 


*We acknowledge Osteryoung’s generosity in allowing us to examine his results 
prior to publication. 
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son carefully restricts to solutions, has been used. The molar absorbancy 
index of pure LiNO; was obtained by measuring log 1/7 (7 = transmit- 
tance) and subtracting corrections for light losses due to interfacial reflec- 
tions and absorption by the cell and insert. A detailed description of these 
corrections will be published later. 

The high-temperature spectrophotometer and the general procedure for 
measuring spectra have been described." In the measurements given here, 
stoppered cells with flowing inert atmospheres rather than sealed cells were 
used. The path lengths used in this work were from 0.006 to 0.02 em., 
depending on the absorbance of the fused salt, so as to keep the measure- 
ments within the limits set by stray light in the spectrophotometer. 

The LiCl-KCl eutectic was prepared as previously described.“ Pure 
LiCl was prepared by a similar procedure, except that a fused-silica ap- 
aratus replaced the Pyrex apparatus because of the high melting point 
of LiCl. The remaining pure components, KNO,, KNO;, LiClO,, and 
K,CrO, , were recrystallized reagent-grade material and oven-dried prior to 
use. 

Pure LiNO; and the LiNO;-LiClO, and LiNO;-LiCl mixtures were 
weighed and loaded into the optical cells in a dry box; the cells remained 
stoppered after removal from the dry box. Some water remained in the 
LiClO, after oven drying; this was removed by bubbling argon through the 
LiNO;-LiClO, melt in the stoppered cell. The weight change accompany- 
ing this dehydration was determined by weighing the stoppered cell and its 
contents before and after dehydration. The remaining mixtures were 
prepared by weighing the solvent salt, KNO; or LiCl-KCl eutectic, and 
loading it into the cell in a dry box. Later, weighed samples of the solute, 
KNO, or K;CrO, , were added to the molten solvent by momentarily open- 
ing the cell while a strong flow of argon was passed as previously de- 
seribed.™ 

Each of three of the reference substances for the mixtures LiClO, , KNOs , 
and the LiCl-KCl eutectic was measured at the same temperatures as the 
mixtures. ‘The fourth reference substance, LiCl, melts much above the 
temperature at, which the nitrate ion in LiNO;-LiCl mixtures decomposes. 
Consequently, the LiCl-KCl eutectic was used as an artificial reference. 

Over the wave-length range covered the LiCl-KCl eutectic should not differ 
. much from the spectrum of LiCl plus cell. The first band of the chloride 
ion is sufficiently far in the ultraviolet so that its low-energy edge in the 
presence of lithium ions or mixed lithium and potassium ions makes a 
relatively small contribution in the neighborhood of the first band of the 
nitrate ion. Measurements on LiNO; in LiClO, , LiNOs in LiCl, and 
KNO, in KNO; were made at moderate to large concentrations of LiNO; 
and KNO.. Furthermore, in the case of the KNO.-KNO3 mixture the 
solvent, KNO;, absorbs significantly throughout the range studied. Con- 
sequently, the KNO; reference curve for KNO.-KNO; was corrected for 
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dilution of the solvent nitrate ions by nitrite ions. The method for doing 
this was to scale down the part of the pure KNO; plus the cell-and-insert 
curve due to KNO; absorption by an amount proportional to the decrease 
in KNO; concentration. The chromate spectrum was measured at con- 
centrations so low that the reference curves consisting of solvent plus cell 
and insert were not corrected for dilution effects. 

Density values for the various fused-salt mixtures were required for 
assigning concentrations. For LiCl-KCl mixtures the density values of 
Van Artsdalen and Yaffee!® were used. All other density values were taken 
from the measurements of G. P. Smith, G. F. Petersen, and W. M. Ewing 
(to be published). The concentrations of KsCrO, in KNO; and in the 
LiCl-KCl eutectic were considered to be sufficiently small so that the 
density of the solvents was taken as the density of the solutions. 

For the spectra reported here absorbancy values were reproducible to 
within 2 per cent, while the total of all errors associated with path length 
and concentration may be as great as 20 per cent except for LINO;. The 
spectrum for LiNO; is based on repeated measurements of all quantities 
that enter into the spectral computations and is assigned an error in molar 
absorbancy index of less than 5 per cent. 


Results and Discussion 


Three nitrate spectra are shown in FIGURE 1. They are pure LiNQOs at 
367° C., LiClO,-70.1 mole per cent LiNOs; at 325° C., and LiCl-71.5 mole 
per cent LiNO; at 366° C. All three spectra have the characteristic nitrate 
profile with a weak lowest-energy band and the steeply rising absorption 
edge of the second band. The coordinates of the first band maxima for 
these spectra are 288 my and 16.7 liters/mole-cm. for pure LiNOs; , 285 my 
and 18.2 liters/mole-cm. for the LiClO.-LiNO; mixture, and 288 my and 
19.9 liters/mole-em. for the LiCl-LiNO; mixture. These values are to be 
compared with the following for nonfused-salt solutions: 292 my and 
approximately 8 liters/mole-cm. for 11.8 N aqueous LiNO; ,* approximately 
288 my and approximately 11.2 liters/mole-cm. for dilute, aqueous KNO; 
plus 13.9 N LiCl,‘ approximately 295 my and 8.5 liters/mole-em. for LiNOs 
in t-butyl alcohol,’ and 295 my for crystalline LiNO; (powder reflection 
spectrum).®° The displacements of these maxima from that for the nitrate 
ion in dilute, aqueous solutions (302 my and 6.4 liters/mole-cm.) are all in 
the same direction. 

In addition to the nitrate spectra illustrated in riGuRE 1, measurements 
were made of the spectrum of the nitrate ion in sodium, potassium, ru- 
bidium, and cesium nitrates, in a number of binary mixtures of alkali 
nitrates, and of alkaline earth and alkali nitrates, in the reciprocal system 
LiNO;-KCl, for which a composition on the LiNO;-LiCl binary is shown 
in FIGURE 1, and in the binary system LiNO;-LiClO, , for which a composi- 
tion is shown in FIGURE 1. These measurements were made at tempera- 
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tures ranging from the melting points of the mixtures up to temperatures 
at which decomposition was just appreciable. Space does not permit a 
presentation of these data or an assessment of their significance. This is 
deferred to subsequent publications. However, a few comments will be 
made to indicate the substantial evidence that bears on the general subject 
of this report. 


PHOTON ENERGY (ev,) 
4.75 45 4.25 4.0 375 3.5 


males T 
Ke tino,” 28.5 mole % LiCl 


366°C 7 


LiNO3-299 mole % LiClO, 
325°C 


Cy (liter/mole-cm.) 


250 260 270 280 290 300 310 320 330 340 350 360 
WAVE LENGTH (mjz) 


Figure 1. Spectrum of the nitrate ion in fused lithium nitrate and in two binary 
fused-salt mixtures. 


The profile of the nitrate spectrum in these fused-salt mixtures consists 
of the weak, lowest-energy band and the absorption edge of the second band 
as illustrated by rigurn 1. The latter absorption edge was followed up to 
values much greater than the lowest-energy band maximum for potassium, 
rubidium, and cesium nitrates. No evidence was found for the kind of 
weak bands at high energies that Keenan? reports for fused NHNO; . 

The absorption edges reported by Sundheim and Greenberg” for LiNOs 
and NaNO; melts may be accounted for in terms of our LiNO; and NaNO; 
spectra as lying near the foot of the low-energy edge of the first band. The 
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numerical values and the failure to observe structural details at wave 
lengths shorter than the absorption edge are completely in line with the 
fact that a much longer optical path was used by these investigators than 
in the work reported here. Likewise, the absorption edges reported by 
Sakai!’ for RbNO; and CsNO;, when compared with our measurements 
on these compounds, are explained readily as lying on the edge of the 
second nitrate band. 

The amplitude, mean energy, and width of the lowest-energy band are 
shifted by changes in fused-salt composition to a greater extent than has 
been found for aqueous solutions, but these shifts are not such as to de- 
stroy in any way the identity of the characteristic nitrate spectrum. This 
conclusion is backed by detailed, quantitative analyses of the nitrate spec- 
tral profile as a function of photon energy for the alkali nitrates to be re- 
ported later. 

There are small profile shifts induced by temperature changes, but the 
shift in mean energy is relatively small, and changes in the integrated molar 
absorbancy index per 100° C. are virtually nil. 

The shifts in spectral parameters induced by changes in fused-salt com- 
position correlate in a quantitative way with atomic parameters of neighbor 
ions in the melt. We illustrate this by a single example. The characteris- 
tic “blue shift” in the mean energy of a n — x* transition in an organic 
compound dissolved in solvents of increasing polarity has a striking counter- 
part in fused alkali and alkaline earth nitrates for which the mean transition 
energy is found to decrease linearly with decreasing cationic potential. 

It is concluded that the spectral profile of fused nitrates in the neighbor- 
hood of the first band is that which is characteristic of nitrate solutions in 
nonfused-salt media subject to mild perturbations. 

It is mentioned in passing that studies also have been made of the effect 
that the cations Ag(I), Cd(II), TI(1) and Pb(II) have on the nitrate profile. 
This effect cannot be described as a small perturbation, so that the interac- 
tion between these ions and NO; involves a stronger coupling than is the 
case with the rare-gas configuration cations. This result is in agreement 
with recent Raman spectral studies of fused AgNO;. 

The spectrum of 2.48 M KNO, in fused KNO; at 342° C. is shown in 
FIGURE 2. In this spectrum are found the expected weak first band and 
the absorption edge of a second band at shorter wave lengths. The first 
maximum occurs at a wave length of 359 mu with a molar absorbancy index 
of 30.6. These values are to be compared with those for dilute aqueous 
solutions of 366 my and 21.9 liters/mole-cm., respectively,!® and with a 
maximum at about 360 my for crystalline? KNO.. The existence of the 
very weak band at about 300 mu is uncertain. Its presence may account 
for the flattening of the minimum in that wave-length region. Inasmuch 
as the nitrate solvent absorbs strongly near 300 my and the nitrite solute 
only weakly, this portion of the spectrum is the least accurately known. 
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Further measurements will be made at higher nitrite concentrations in 
order to determine more exactly the profile of the spectrum at about 300 
mu. 

It is concluded that the lowest-energy band of the characteristic nitrite 
spectrum is found for the above KNO.-KNO; mixture. The band maxi- 
mum occurs at a wave length very close to that for crystalline KNO, at 


PHOTON ENERGY (ev) 
45 40 35 3.0 


Oy (liter/mole-cm.) 


250 300 350 400 450 
WAVE LENGTH () 
2.48M KNOp IN KNO- 
342°C. 
Figure 2. Spectrum of the nitrite ion in a fused mixture of KNO, and KNO;. 


room temperature. The band strength, compared with that for aqueous 
i is significantly increased. 

eee ace ae are ae in FIGURE 3. They are f or 0.0287 M KCrOx 
in KNO; at 362°C., for 0.0189 M K.CrO, in the LiCl-KCl eutectic at 
370° C., and for a dilute, alkaline, aqueous solution plotted from the data 
of Haupt reported by Gibson.” The two principal bands of the characteris. 
tic near-ultraviolet spectrum are observed for the LiCl-KCl solvent. These 
have maxima at 371 my and 3080 liters/mole-cm., and 269 mie and 2850 
liters/mole-cm., respectively. Only the first band and a part of the second 
could be measured for the KNO; solvent because of the strong nitrate 
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absorption at shorter wave lengths. The first band for the KNO; solvent 
occurred at 371 my and 3380 liters/mole-em. These values are to be 


compared with those for dilute, alkaline, aqueous solutions for which the — 
coordinates of the maxima are 372 my and 4820 liters/mole-cm. and 275 ~ 


my and 3700 liters/mole-cm., respectively. 
Measurements also have been made on dilute solutions of the chromate 


PHOTON ENERGY (ev,) 
5.0 4.5 4.0 3.5 3.0 2.5 


WATER (GIBSON) 


IN LiCl- KC] EUTECTIC 
-— 370°C 


Oy (liter/mole-cm.) 


220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 
WAVE LENGTH (mp) 


_ Figure 3. Spectrum of the chromate ion in dilute solutions of K2CrO, in alka- 
line water, fused KNO;, and the fused LiCl-KCl eutectic. The aqueous spectrum 
is plotted from data given by Gibson.!2 


ion in the fused nitrates of lithium and cesium at several temperatures and 
concentrations. The spectral profiles in these cases closely follow those for 
the fused-salt solutions shown in ricurE 3. In general, the first band oc- 
curs with only small shifts due to changes in solvent composition. These 
shifts are small enough and expected differences in refractive indices of the 
solvent media are large enough so that it cannot be said to what extent, if 
any, these shifts reflect corresponding changes in transition probability. 


Auxiliary measurements and computations are now in progress to deter- 
mine this. 
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The bands that were found for fused-salt solutions are undoubtedly those 
observed for aqueous solutions; the wave lengths agree very closely and the 
band strengths are of the same order of magnitude. Nevertheless, the 
fused salts have the effect of significantly diminishing the band maxima 
as compared with aqueous solutions. 

One purpose of this report has been to outline some recent measurements 
of optical transitions in a special class of fused salts, namely, those with 
cations of rare-gas electronic configurations and complex oxy-anions. 
Such melts should be the fluid counterpart of the classic ionic crystal. In 
addition, some of the anions were a special variety of light absorber. They 
were shown to display in the melts their characteristic internal absorption 
spectra mildly disturbed by neighboring ions. These mild disturbances or 
shifts indicate a degree of relative change in ion polarization for the ground 
or excited states, but by their mildness ensure that this degree is small. 
Furthermore, they reflect differences in the ion configurations and strengths 
about an anion in different melts. This fact permits in principle the use of 
spectral shifts to relate spectral theory to information concerning ion 
configurations and the reverse. 

Studies of this kind have a close relation to other fields of fused-salt re- 
search. The measurement of spectral shifts should permit a determination 
of the relative extent to which an anion of given size and charge prefers to 
surround itself with one type of cation rather than another in a reciprocal 
mixture. We refer here not to the strong and specific ion associations which 
yield complex ions, but to statistical associations. This phenomenon is of 
importance in understanding equilibrium behavior. In addition, certain 
electronic transitions should be quite sensitive to the statistical prevalence 
of particularly asymmetric configurations of ion neighbors. These asym- 
metric configurations are related intimately to kinetic processes in a melt. 
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OXIDATION STATES OF THE ELEMENTS AND THEIR 
POTENTIALS IN FUSED-SALT SOLUTIONS: 
THE ACTINIDE ELEMENTS* 


Dieter M. Gruen, R. L. McBeth, J. Kooi,t W. T. Carnall 


Argonne National Laboratory, Lemont, Il. 


Fused salts, the largest class of nonaqueous inorganic solvents, are ex- 
tremely versatile media in which to carry out chemical reactions. The 
large number of technological applications involving fused salts attests 
this versatility. 

Until recently, however, very little information was available concern- 
ing the oxidation states of the elements and their potentials in fused-salt 
solutions. This situation is gradually being remedied. Increasingly, aque- 
ous-solution techniques are being adapted, with encouraging results, to 
studies of fused-salt systems. It is to be hoped that these investigations 
will bring about a much better understanding of fused-salt-solution chemis- 
try in the not-too-distant future. 

This paper summarizes current knowledge concerning the oxidation states 
and potentials of the actinide elements in fused nitrates and chlorides. In 
particular, recent spectrophotometric studies of plutonium and americium 
solutions in fused chlorides are discussed. All potentials are expressed 
relative to the Ag(I)-Ag(O) potential (on the mole fraction scale) at 450° 
C. in chloride melts. No information on potentials of the actinides in 
nitrate melts is presently available. 

Actinium. No measurements have been reported on actinium in fused 
salts. It is to be presumed that the +3 oxidation will be exhibited ex- 
clusively. The Ac(III)-Ac(O) potential would be expected to be more 
negative than the U(III)-U(O) potential, which is —1.61 v. in LiCl-KCl 
eutectic. 

Thorium. Inman et al. have measured the Th(IV)-Th(O) potential in 
LiCl-KCl eutectic. The measurements are discussed in detail in their 
paper, elsewhere in these pages. These workers found no evidence for the 
formation of Th(II) in chloride melts, contrary to a claim recently made 
by Smirnov and Ivanovskii! In an effort to obtain evidence for Th(II), 
we dissolved 1 gm. ThCl, in 10 gm. of LiCl-KCl eutectic contained in a 
single-crystal sapphire crucible and placed a piece of Th metal in contact 
with the melt at 500° C. for 4 hours. There was no change in the weight 
of the Th metal nor any visual change in the color of the melt, as would 
have been expected had the reaction Th + ThCl = 2ThCle occurred. The 

* The work vepéreed in this paper was performed under the auspices of the United 


tes Atomic Energy Commission, Washington, D.C. It is the first of a series of 
eae on the eine states of the elements and their potentials in fused-salt 


Bie loaves from Reactor. Centrum Nederland, Amsterdam, Netherlands. 
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results described by Inman et al. in their presentation, as well as the results 


obtained at our laboratory, indicate that Th(II) at low concentrations is — 


not stable in chloride melts at temperatures below 500° C. 
In other experiments, we treated ThCl, with LiNO;-KNO; eutectic at 
160° C. A precipitate formed, and NO» fumes were evolved. We have 


~ 


observed similar behavior with CeCl, and PuCl; 2 It has long been known ~ 


that Ce(NOs)4 is less stable thermally than the nitrates of the other rare 


earths,?4 and the behavior of ThCl, and PuCl; in nitrate melts indicates — 


that Th(NO;)4 and Pu(NOs3)4 are also unstable. (PuCl; is presumed to 
undergo oxidation to the IV state prior to the formation of the precipitate.) 
The Th and Pu precipitates which are formed are probably oxides. 

Protactinium. No measurements have as yet been reported on protac- 
tinium solutions in fused salts. The tendency for Pa to hydrolyze makes 
for great difficulties in studying its aqueous-solution chemistry. It is likely 
that these difficulties can be largely overcome in fused-salt solutions. Such 
media may therefore become useful for chemical studies of this element. 
In water, the IV and the V oxidation states are known, the V state being 
the more stable. It has been suggested® that the PaOz.* ion is the proto- 
type of the oxygenated pentavalent ions of U, Np, Pu, and Am. 

In chloride melts both the IV and V states of Pa should be stable. Al- 
though PaCl; has been prepared in the dry state,® it is likely that only an 
oxygenated species of Pa(V) will be found in chloride melts. Unoxygen- 
ated species of U(V) and Np(V) have not been observed in chloride melts, 
presumably because at the melt temperatures dissociation to U(IV) [or 
Np(IV)] and Cl: occurs. Probably, Pa(V) will exist in the form of oxygen- 
ated ions of the type PaO.*, while ions of the type PaCl.= will be found for 
the IV state. Such behavior would be analogous with the behavior of U, 
Np, and Pu in chloride melts. The Pa(III) state should be looked for in 
chloride melts. 

In oxygen containing melts (for example, nitrates, sulfates, perchlorates) 
the Pa(V) state would be expected to be the only stable oxidation state. 

Uranium. The III, IV, and VI oxidation states of uranium are stable 
in LiCl-KCl eutectic and have been identified spectrophotometrically.? 
The U(V) state is probably unstable in melts. In connection with this 
earlier work it was found that Al as well as U metal reduces U(IV) to U(IID, 
while Mg metal reduces U(III) to U(O) in LiCl-KCl eutectic.? On the basis 
of these experiments and using the Al(III)-Al(O) and Mg(II)-Mg(O) po- 
tentials of Laitinen and Liu,’ the U(IIL)-U(O) potential was predicted to 
lie between —1.16 v. and —1.92 v., while the U(IV)-U(III) potential was 
expected to be more positive than —1.16 v. In their presentation Gruen 
and Osteryoung show the U(III)-U(O) potential as —1.61 v. in LiCl-KCl 
eutectic. Preliminary measurements by Hill and Osteryoung have yielded 
the value —0.56 v. for the U(IV)-U(IID) potential in the same melt. 

From available thermodynamic data on the free energies of formation of 


——— a 
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pure UCI; and UCI, Hill and Osteryoung calculate the U(IV)-U(ITI) redox 
potential to be —0.2 v.° The difference of 0.36 v. between the calculated 
and observed values may be in part due to stabilization of the UV) state 
through formation of UCI,;= complex ions in the melt.” 

No information is as yet available concerning the U(VI)-U(IV) potential. 
Uranium in the VI state is present in chloride melts as the ion UO,(I).? 
This being the case, reduction to the IV state should lead to formation of 
UO:. It should be possible then to establish a reversible potential at an 
electrode composed of UO,. Similar situations should be obtained with 
chloride or nitrate melts containing oxygenated ions of the other actinide 
elements. 

In nitrate melts only the VI state of uranium has been observed, the 
lower oxidation states being oxidized rapidly to it.” 

Neptunium. The III, IV, and V oxidation states of neptunium have 
been identified in LiCl-KCl eutectic by means of spectrophotometric tech- 
niques.!° Neptunium (IV) is present as the ion NpCl.-. The absorption 
spectrum of Np(V) in the melt is characteristic of the ion NpO.t. An 
unoxygenated species of Np(V) in chloride has not yet been produced, nor 
has the VI state been observed as yet. 

Neither the Np(IV)-Np(III) nor the Np(III)-Np(O) potential has been 
measured. The Np(III)-Np(O) potential would be expected to be more 
negative by about 0.1 v. than the U(III)-U(O) potential, while the Np(IV)- 
Np(iII) potential should be somewhat more positive than the correspond- 
ing uranium couple. These predictions are based on the trends of the 
analogous potentials in aqueous solutions." 

In LiNO;-KNO; eutectic, the Np(V) state has been observed spectro- 
photometrically.2° Lower oxidation states of Np are oxidized to the V 
state in the nitrate melt. Again, it is the NpO,* ion that is present. 

Plutonium. The techniques employed for obtaining absorption spectra 
_of plutonium solutions in LiCl-KCl eutectic were similar to those described 
for uranium’ and neptunium!® solutions. As a precautionary measure in 
working with Pu, a ducted glove box of special design was fitted to the top 
of the furnace compartment (see FIGURE 1 of Gruen and McBeth’) which 
houses the optical cells during a run. The samples were prepared as in 
previous work,’ except that all manipulations were carried out in a vacuum- 
rame hood. 

"Pull V). Solutions of PuF, or of the double salt Cs,PuCls in LiCl-KCl 
eutectic are brown in color. Absorption spectra of these solutions taken 
at 400° C. are reproduced in FicuRE1Band C. Inricurn lA, the spectrum 
of Cs2PuCls dissolved in 6 M HCl is given for comparison. It will be seen 
that there is a correspondence in gross features between the aqueous and 
the melt spectra. The bands in the melt tend to be somewhat broader, 
more lacking in detail, and of lower intensity compared to the aqueous- 
solution spectrum. Two features deserve mention: one is the absorption 
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valley in the 900 to 1000 my region that occurs both in the water and in ~ 


the melt spectra; the other feature to be observed is the strong absorption 


band that has its origin at about 640 my in the melt, and at about 580 my — 
in concentrated HCl solution. This strong absorption is responsible for — 


the brown color of Pu(IV) solutions and is presumably due to a charge- 


16 A= 0.06 M Cs,PuClg in 6M HCI 


0.72 B = Pu(WZ) as Cs,PuCi, in 
LiCI-KCI Eutectic at 400 °C, 


OPTICAL DENSITY 


1.0 C = PuFg in LiCI-KCI Eutectic at 400 °C 


° 
500 600 700 800 900 1000 1100 1200 
WAVE LENGTH IN mp 
FIGurReE 1. 


transfer process. The qualitative correlation of the long wave length edges 
of these bands in U, Np, and Pu solutions with the U(IV)-U(III) poten- 
tials will be discussed at the conclusion of this paper. ; 

In order to be certain that the Pu solutions contained only Pu(IV) and 
not a mixture of Pu(IV) and Pu(III), Cls gas was bubbled through the 
melt for 10 min.; the spectrum was remeasured with results the same as 
those given in FIGURES 1B and C. 


In other experiments it was found that Pu(IV) decomposes thermally 
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to Pu(IIT) in the melt when the temperature is increased. The easiest way 
to demonstrate this is to heat a solution of Pu(IV) at 700° C. in a vacuum. 
The dark brown color gradually becomes lighter. The first change observ- 
able in the absorption spectrum during the decomposition is a marked de- 
crease in the intensity of the charge transfer band that manifests itself as 
a shift of the band toward shorter wave lengths. 

-A preliminary study of the decomposition was made under 1 atmosphere 
of N» pressure, while the Pu(IV) solution was situated in the spectropho- 
tometer furnace block. Spectra were taken in the temperature range 400 
to 750° C. at 100° intervals, with the cell maintained at a fixed temperature 
for one half hour prior to taking a measurement. When a melt was em- 
ployed that had not previously been saturated with Cl, , decomposition 
began at 650° C. as evidenced by a shift to shorter wavelengths of the 
charge-transfer band. These shifts continued as long as the temperature 
was increased. When the temperature was lowered, the spectral changes 
retraced their path. The interpretation of these results is that Pu(IV) 
decomposes reversibly to Pu(III) and Cl;. The chlorine produced during 
the decomposition remains dissolved in the melt and reacts with Pu(III) 
at lower temperatures to re-form Pu(IV). 

The existence of Pu(IV) in chloride melts at temperatures up to 650° C. 
is evidence for the stabilization achieved through the formation of PuCl,= 
complex ions. ‘This finding is particularly interesting in view of the non- 
existence of solid PuCh, . 

Pu(III). Solutions of Pu(IIL) were prepared by reducing Pu(IV) solu- 
tions with Al at 500° C. Solutions of Pu(III) in LiCl-KCl eutectic are 
blue just as are aqueous Pu(III) solutions. The spectrum of a Pu(III) 
solution in the melt is reproduced in Figure 2C. A solution of Pu(III) in 
concentrated HCl is shown for comparison in FIGURE 2A. The two spec- 
tra are extremely similar both in the position of the absorption maxima as 
well as in the half widths of the individual bands. The spectrum of a 
LiCl-KCl eutectic solution of Pul’; is reproduced in FicurE 2B.* This 
spectrum is very similar to that shown in FrGuRE 2C at wave lengths longer 
than 550 mp. At wave lengths shorter than 550 my, however, the ab- 
sorption is much more intense than in the pure Pu(III) solution (ricuRE 
2C), which is indicative of the presence of a small amount of Pu(IV). The 
spectrum thus shows that this particular sample of Pul’s contained a small 
amount of Pul’,. 

The Pu(III)-Pu(O) potential has recently been measured by Benz. 
Extrapolation to 450° C. of these measurements which were carried out in 
KCI melts in the range 600° to 800° C. lead to an H® value of —1.72v. The 
Pu(IV)-Pu(II1) potential has not yet been measured, but it should be more 
positive than either the U(IV)-U(IIL) or the Np(IV)-Np(III) potentials. 


* The PuF; was kindly supplied by John Malm, Argonne National Laboratory. 
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Pu(VI). The Pu(VI) state has not yet been observed in chloride melts; 
however, it has been observed in nitrate melts.2:1 
Americium. The III state of americium had previously been identified 
in nitrate melts,?1° but no studies had been made of americium solutions 
in chloride melts. About 5 mg. of *41AmCl; was dissolved in LiCl-KCl 
eutectic. The spectrum of this solution taken at 450° C. on a Cary Model 
12 Spectrophotometer is reproduced in rigurE 3B. An absorption spec- 
trum of Am(IIT) in concentrated HCl is shown for comparison in FIGURE 3A. 
The similarity in the two spectra makes it clear that the melt spectrum 
contains Am in the III state. It was of interest to see if a lower oxidation 


1.7 
A = Am(II) in 11.6 

06 e | m(II) in M HCl 

0.4 
> 
=) 0.2 
7 
= 
exert 9 
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i ‘ 
B.= Am(II) in LiCI-KCI Eutectic . 
= 0.8 at 400 °C, 
a 
So 0.6 
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FIGuRE 3. 


state of Am could be produced in this melt analogous to the dipositive oxi- 
dation state of Eu. Pure Mg ribbon was introduced into a solution con- 
taining Am(III). In the course of about 15 min. and while maintaining 
the melt temperature at 450° C., the surface of the Mg ribbon turned black. 
Examination of the solution spectrum showed that the intensity of all the 
peaks had decreased by about 25 per cent. No other spectral changes 
were observed. It was tentatively concluded that the blackening of the 
Mg ribbon surface was due to partial reduction of Am(III) to Am metal 
and that the Am(II) state is not stable in the melt. The extrapolated po- 
tential of —1.72 v. for the Pu(III)-Pu(O) couple and the partial reduction 
of Am(III) to Am metal by Mg metal indicate that the Am(III)-Am(O) 
potential lies close to the Mg(II)-Mg(O) potential of — 1.92 v. 
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In other experiments, Cl. gas was bubbled through the Am(III) solution 
in attempts to produce Am(IV). No change in the spectrum was observed 
after 30-min. treatment with Cl. gas, although this treatment is sufficient — 
to oxidize Pu(III) to Pu(IV). It was concluded that the Am(IV) state is 
probably unstable in the chloride melt at 400° C. with respect to the forma- 
tion of Am(III) and Cl,. This is not unexpected, since the Am(IV) state 
is unstable in aqueous solutions as well. 

Attempts to prepare higher oxidation states of Am (oxygenated ions) in 
chloride melts are being made. 

Curium and the transcurides. The studies that have been carried out 
thus far and have been discussed in this paper have made it clear that the 
fused salt-solution chemistry of the actinides resembles in its chief features 
the aqueous-solution chemistry of these elements. With curium, the “‘ac- 
tinide” character of the elements is very firmly established, and it would 
be surprising indeed if the trends observed thus far should not become in- 
creasingly pronounced. The M(III)-M(O) potentials should become in- 
creasingly more negative with each succeeding element. Curium and the 
rest of the actinides should exhibit only the tripositive oxidation state in 
melts with the exception of berkelium, where it is likely that the tetraposi- 
tive state (BkCl,-) will be observed in chloride melts. 

The resistance to radiation damage of alkali-halide melts make them 
attractive solvents in which to study macroscopic amounts of the extremely 
radioactive transcuride elements. 


Concluding Remarks 


The absorption spectra of U(IV), Np(IV), and Pu(IV) solutions in LiCl- 
KCl eutectic reveal a progressive shift of the edge of the continuous absorp- 
tion band toward longer wave lengths with increasing atomic number. 
Thus, the band in U(IV) solutions begins at 417 my, in Np(IV) solutions 
at 605 my, and in Pu(IV) solutions at 650 my. It is reasonable to asso- 
ciate the continuous absorption band with a charge transfer process which 
may be formally written as 


hy 
Me CP a Mt CL (1) 


Qualitatively, there should be a correlation between the potentials of the 
M(IV)-M(IIT) couples and the energy (hv) required for the process repre- 
sented by EQUATION 1. On this basis, one would predict that the potentials 
measured in chloride melts should become more positive with increasing 
atomic number. Such a trend is observed in aqueous solutions,!! and the 
spectral data are consistent with the existence of a similar trend in the 
chloride melts. No quantitative calculations of potentials can be made, 
of course, on the basis of the spectral observations. 

The absorption spectral of trivalent actinide ions in LiCl-KCl eutectic, 
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on the other hand, have intense absorption bands that occur at progressively 
shorter wave lengths with increasing atomic number. 

Thus, the U(III) band edge occurs at 710 mu, the Np(III) band at 546 
my, the Pu(IIT) band at 410 my, and the Am(III) band at 329 my in LiCl- 
KCl eutectic. Stewart! observed similar bands in aqueous solutions of the 
trivalent actinides and suggested that they arise from allowed f-d transi- 
tions. The intense bands observed in the melt may be thought of similarly 
as due to f-d transitions. (Ina particular melt, however, these bands occur 
at somewhat lower energies than in aqueous solutions. Complexing, which 
would be more pronounced in a chloride melt, for example, could well be 
responsible for lowering the energy of the f-d transition.) For a particular 
solvent, the shift toward higher energies of the f-d transitions with increas- 
ing atomic number is undoubtedly associated with the stabilization of the 
f electrons. 


Summary 


Information of the oxidation states and potentials of the actinide ele- 
ments in fused nitrates and chlorides and chlorides is summarized. 

Recent work on the absorption spectra of Pu and Am in LiCl-KCl eutec- 
tic is presented. These experiments have resulted in the identification of 
the III and IV states of Pu and of the III state of Am in molten LiCl-KCl 
eutectic. 
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ABSORPTION SPECTRA IN MOLTEN SALTS* 


George Harrington} and Benson R. Sundheim 
Department of Chemistry, New York University, New York, N.Y. 


The concept of complex ions is not always clear for solutions in molten 
salts, since any given ion is always closely surrounded by other ions in a 
more or less definite packing arrangement. Several criteria might be 
adopted for distinguishing a complex ionic entity from a group of ions that 
happen to be in close proximity. The radial distribution function as de- 
termined by X-ray methods, the occurrence or nonoccurrence of vibrations 
that could be attributed to bonds as detected by infrared or Raman spectra, 
and unusual features of activity versus concentration curves or of phase 
diagrams have been discussed in this connection. The existence of a set 
of discrete energy levels, which might be detected spectrophotometrically, 
would seem to be an especially sound basis for considering that a new ionic 
species had been formed. It might be expected that the continual per- 
turbations caused by fluctuations in the ionic atmosphere of an ion would 
broaden any energy-level pattern to the point where no definite transitions 
could be discerned in the optical absorption spectrum. When a well- 
defined structure is found in the spectrum of a molten salt solution, it 
is proper to treat it as presumptive evidence of the existence of one or more 
clear-cut species in the melt. In certain cases this evidence can be con- 
solidated by identifying the spectrum as corresponding to that of species 
known in the crystal (where the configuration may be known from X-ray 
studies) or by rationalizing the spectrum on the basis of theoretical con- 
siderations as described below. 

The metal ions of the first transition series are particularly well suited 
to this type of study. Not only do they frequently form stable complex 
ionic species, but they also possess internal energy levels that are now well 
known to be highly responsive to the arrangement and spacing of surround- 
ing groups. 

In this publication we report on the electronic absorption spectra of ions 
of the first transition series dissolved in the molten LiCl-KCl eutectic and, 
in some cases, in the molten LiBr-KBr eutectic or in molten KSCN. 

A more or less definite identification of complex ionic species is possible 
for most of these ions. In this paper we survey the spectra and establish 
the framework of the method by which the species can be identified. 

* The work reported in this paper was abstracted in part from a dissertation sub- 


mitted by George Harrington to the Graduate Faculty of Arts and Sciences, New 


York University, in partial fulfillment of the requirements for the degree of Doctor 
of Philosophy. 


} Present address: Temple University, Philadelphia, Pa. 
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EXPERIMENTAL Mrtuops 


The spectrophotometer consisted of the light source and monochromator 
of a Beckman Model DU spectrophotometer, a thermostated furnace carry- 
ing the absorption cells, and a photomultiplier detector. The details of 
construction and operation have been described previously. The furnace 
has been modified further by fitting a micrometer screw and dial to the 
horizontal traverse system used to place the sample and reference cells al- 
ternatively in the light beam. In this way the cells can be positioned 
smoothly and accurately. 

The salts were analytical grade reagents that had been dried rigorously 
before use. The eutectic mixtures were prepared by careful predrying fol- 
lowed by washing the molten mixture with the appropriate anhydrous 
hydrogen halide gas and purging with nitrogen. The molten salt was forced 
through a sintered glass filter, allowed to freeze, and stored until needed. 
The salts were weighed out and loaded into the cells in a dry box. The 
cells were evacuated for several hours, sealed off, and inserted in the furnace. 
At the same time a reference cell of pure solvent was prepared in the same 
way. Quartz cells with 2-mm. or 1-cm. light paths were used according 
to the absorbance of the solution. 


EXPERIMENTAL RESULTS 


Molten KSCN as Solvent 


During the course of molten salt investigations, it was observed that pure 
potassium thiocyanate, when melted and maintained a few degrees above 
its melting point, gave a water-white melt that did not undergo noticeable 
decomposition for several hours.? Electric conductivity measurements 
showed that the specific conductivity of the melt remained constant for 
several hours when heated just above the melting point of 173° C. 

Addition of transition metal halides to this solvent gave brightly colored 
solutions in some cases. These halides were cobalt (II), nickel (II), and 
chromium (III); their solutions were blue, yellow, and green, respectively. 
Copper (II) chloride and manganese (II) chloride did not dissolve. Iron 
(III) chloride reacted; analysis showed that all of the Fe(III) had been 
reduced to Fe(II), which did not appear to dissolve in the melt. 

Cobalt (II). The spectrum of CoCl, dissolved in KSCN is shown in 
FIGURE 1. An absorption edge began at about 400 mu, complete absorp- 
tion taking place below this wave length. The maximum of the band in 
the visible region occurred at 625 my. This band was not quite symmetri- 
eal, displaying a shoulder between 570 and 580 my. KCl was added to 
this solution in an attempt to form a chloro complex, but no change in the 
spectrum was detected. In fact, the KCl was not noticeably soluble, sug- 
gesting that KCl precipitated from KSCN when CoCls was added. The 
spectrum of pure Co(SCN)2 was found to be identical with that shown in 
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FIGURE 1. The peak maximum occurred at 625 my, and the absorbancy 
index had the value 86 at this point. 

Graphs of the optical density versus mole per cent of Co(II) were pre- 
pared for five different wave lengths. Data from thiocyanate, chloride, 


2.0 


—e—— 0.085 M% CoBr2 in KSCN 


——— 0.06 M% CoCl2 in KSCN 
———— 0.038 M% Co(SCN)2 in KSCN 


Temp.: 177° C. 
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P peat di A peomntion spectra of solutions of CoCl:, CoBr:, and Co(SCN).2 


and bromide salts were used. It was found that an excellent straight line 
was obtained. This conformity with the Beer-Lambert-Bougert law was 
taken as evidence of the nonoccurrence of halide complex ions in this melt. 
Addition of KCN to the KSCN melt containing Co(II) resulted in the 
formation of a black precipitate. 
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Nickel (II). Behavior analogous to that of the cobalt system was found 
for Ni(II) solutions in molten KSCN. NiCl, and NiBr, gave identical 
spectra in this solvent. The absorption spectrum is shown in FIGURE 2. 
An absorption edge started at approximately 400 my, complete absorption 
occurring below this wave length. The broad band in the near infrared 
region had its maximum at approximately 715 my. In this region, the 
maximum value of the absorbancy index was only 4.6. Beer’s law graphs 
of data collected on solutions to which chloride and bromide ions had been 
added showed that no halide complexes formed. Addition of KCN led to 


Temp: 177°C. 


EXTINCTION COEFFICIENT 
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Figure 2. Absorption spectrum of nickel (II) in KSCN. 


formation of a black precipitate. JKSCN containing NiCl, or NiBrs was a 
pale yellow when solid and a clear light gree when molten. 

Chromium (ITI). Solutions of CrCl; in KSCN were green. The spec- 
trum, FIGURE 3, showed an absorption edge below 400 my and a band in 
the visible range with a maximum at 600 my. The absorbancy index at 
this point was 15. Upon freezing, the green solution first gave a green solid 
but, upon further cooling, abruptly became violet, the color of anhydrous 
Cr Cls a 

Additions of KCl led to no change in the absorption spectrum. On the 
other hand, progressive additions of KCN gradually converted the green 
solution into a red one. The spectra of solutions containing various ratios 
of Cr:CN are shown in FicuRE 3. The band maximum shifted continu- 
ously toward shorter wave lengths as the ratio was lowered. 
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It would be interesting to study this system in detail, since it is possible 
that a variety of mixed complex ions can form here. 


Molten LiCl-KCl Eutectic as Solvent 


Scandium (III). This solution was colorless and showed a spectrum con- 
sisting of a simple absorption edge beginning at approximately 250 my at 
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371° C. and moving slightly toward the red with increasing temperature. 
The spectrum is given in FIGURE 4. 

Titanium (IV). This solution was a light yellow and showed a spectrum 
consisting of an absorption edge beginning at about 460 my. The spec- 
trum is given in FIGURE 5. 
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Figure 4. Absorption spectrum of scandium (III) in LiCl-KCl eutectic. 
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Vanadium (III). VCls formed a dark green solution in this solvent with 
an absorption edge at about 400 my and a band with a maximum at 545 
my (absorbancy index 35 at 372° C.). Toward the longer wave lengths 
this band, shown in FIcuRE 6, was skewed into a long tail. 

Chromium (III). The spectrum of this green solution (FIGURE 7) had 
an absorption edge at about 400 my and two peaks in the visible and near 
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Figure 5. Absorption spectrum of titanium (IV) solution in LiCl-KCl eutectic. 
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Ficure 6. Absorption spectrum of vanadium (III) in LiCl-KCl eutectic. 
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Figure 7. Absorption spectrum of solution of chromium (III) in LiCl-KCl 
eutectic. 
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infrared. The band in the visible had a maximum at 545 my (absorptivity 
index 46), whereas the maximum of the broader infrared band occurred at 
795 muy (absorptivity index 40 at 392° C.). Increasing the temperature 
affected each of these bands differently. The visible peak increased its 
absorptivity with increasing temperature, whereas the infrared peak de- 
creased, broadened, and shifted slightly to longer wave lengths. 
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Fieure 8. Absorption spectrum of manganese (II) solution in LiCl-KCl eutectic. 
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Manganese (II). The absorption spectrum of this colorless solution is 
shown in Figure 8. It displayed only an absorption edge beginning at 
approximately 265 my at 372° C. and shifting slightly to the red with in- 
creasing temperature. 
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Figure 9. Absorption spectrum of iron (III) in LiCl-KCl eutectic. 


Iron (III). These solutions were yellow. The spectrum, which is 
shown in FIGURE 9, consisted of a broad band merging into an absorption 
edge. Increasing the temperature caused the entire band to fall, the effect 
being most pronounced near 300 mu. Ae 

Cobalt (IT). The spectrum of this blue-green solution is shown in FIGURE 
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10. In the ultraviolet region there was a broad band with a maximum at 
approximately 255 my. Its absorptivity coefficient at the maximum was 
about 130 at 394° C. The band was broader and less intense at higher 
temperatures. The visible and infrared contained two peaks, one at 610 
mu (absorptivity index 120) and a broader one at 680 my (absorptivity 
index 175 at 394° C.). Raising the temperature caused each of these bands 
to decrease in intensity and to broaden, but in slightly different proportions. 

Nickel (II). The spectrum of NiCl, in this solvent is shown in FIGURES 
11 and 12. This was a violet solution whose spectrum was characterized 
by peaks in the near ultraviolet and visible regions. In the ultraviolet, 
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Figure 10. Absorption spectrum of cobalt (II) solution in LiCl-KCl eutectic. 


the peak occurred at 260 my (absorptivity index 3500 at 393° C.). This 
peak shifted toward the red and decreased slightly with increasing tempera- 
ae At 446° C. the maximum had shifted to 265 mu (absorptivity index 

The visible spectrum displayed peaks at 510, 590, 628, and 698 my (398° 
C.). The absorptivity indices at these maxima were 56, 59, 61.7, and 48, 
respectively. Increasing the temperature affected each of these peaks 
differently. The band at 510 muy practically disappeared. The one at 590 
my increased and broadened into a hump with an absorptivity of 63 at the 


— 


center. The band at 628 mu increased its absorptivity index to 66. The — 


695-my band increased and broadened to a band with an absorptivity index 
of 52.5 at the maximum. 


These results are in excellent agreement with those reported by Boston 
and Smith* and by Gruen and McBeth.4 
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Copper (II). This solution was yellow when dilute, golden when con- 
centrated. The spectrum, shown in FIGURE 13, displayed maxima at 260 
my (absorptivity index 1520) and 370 my (absorptivity index 680 at 367° 
C.). As the temperature was increased, the highest peak, that at 260 muy, 
merely decreased intensity. At the same time the smaller one decreased, 
broadened, and shifted slightly toward the blue. At 464° C. its absorp- 
tivity index had decreased to 430. 
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Figure 11. Ultraviolet absorption spectrum of nickel (II) solution in LiCl-KC1 
eutectic. f : 
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DISCUSSION 


Scandium (III) and titanium (IV). These are d° configurations, and 
consequently do not display d-d spectra. Solutions of Ti(IV) in 12 M HCl 
have been studied,® but not fully interpreted. The spectrum consisted of 
a very broad band in the near UV extending from 230 to 320 mp with no 
distinct structure. The spectrum of Ti(IV) in molten chlorides is similar 
(riguRE 5) in that it consists of a broad band extending from 260 to 450 my. 

Vanadium (III). The spectra of V(H20)¢** in concentrated perchloric 
acid solutions show® absorption bands at 400 and at 580 my. In a sequence 
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of alcohols the main band at 580 my was observed to shift to the red as the 
size of the alcohol increased.’? The spectra were interpreted as arising from 
alcoholates with coordination numbers of six. Liehr and Ballhausen® com- 
mented that these were trigonally distorted. Low® obtained the spectrum 
of V(III) octahedrally surrounded by oxygen atoms by embedding the ion 
in the Al,O3 host lattice. The principal bands in this spectrum occurred 
at 572, 397 and 290 my. These bands were fitted readily to the energy- 
level diagram computed by Liehr and Ballhausen,® using a value of Dg = 
1860 cm.-! 

The data from the molten salt solution may be fitted to this diagram 
by selecting Dq as 800 cm.-! (FiGuRE 14). The main band at 545 my 
would correspond to a *7;,-*T;, transition. A lower energy transition (to 
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a *T>, state) is predicted at about 1000 mu. 
long tail extending through the near infrared, which was observed. 
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Figure 13. Absorption spectrum of copper (ID) solution in LiCl-KCl eutectic. 


Chromium (III). The spectra of aqueous solutions of Cr(III) contain- 


ing excess of thiocyanate ions 
570 mp. Analysis of these 


consist of two bands!” occurring at 410 and 
has shown that the absorbing species are 


Cr(H,0)2*+, Cr(H20)s(SCN)s**, and Cr(Hs0).(SCN):+,” No evidence 
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has been found for the sixfold complex Cr(SCN)¢  ~, although its exist- 
ence has been predicted" on a purely theoretical basis. The molten salt 
spectrum has a peak at 600 my and an edge at 400 my, the latter probably — 
being due to the solvent which effectively cuts off at this wave length. The 
600-my band could be attributed to the species Cr(SCN)s —_, but not 
with certainty, since there is nothing comparable in aqueous solutions. A 
lower coordination is unlikely, since chromium (III) does not change co- 
ordination number readily, as does iron (III). The coordination number 
6 is well established for chromium in both solutions and crystals.*” In 12 
M HCl two rather broad bands occur with maxima at approximately 650 
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Fiaure 14. Energy level diagram for vanadium (III) ion. 


to 660 my and 465 to 475 my." Gradual addition of Cl- caused a continu- 
ous shift toward longer wave lengths. It has been shown that the lower — 
chloro-aquo complexes, such as Cr(H20),(Cl)s*+ are very stable, so that. it 
P ae perfectly clear that the principal absorbing species in 12 M HCl is 

TUls ‘ 

The energy level diagram for octahedrally coordinated Cr(III)4 may be 
used to obtain a systematic interpretation of the molten salt spectra. Se- 
lecting Dg = 1000 cm.~, which is close to the value predicted by Orgel for 
this ion, the observed transitions are identified as 4A», > 4T'o, .2T epee 
selection rules forbid these transitions, but a slight distortion of the octahe- 
dron, for example by extending two opposite ligands so as to give Dy, sym- 


metry, removes the restriction. In an atmosphere of Lit and K+ some 
distortion seems inevitable. 
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The effect of temperature on this system is somewhat unusual. The 
short wave-length band rises slightly with temperature, whereas the long 
wave-length band broadens and decreases slightly. Neither of these effects 
is very large, suggesting that both are due to small thermal perturbations. 
The longer wave-length band moves slightly toward the red. This could 
be due to the change in field strength. The tetragonal distortion men- 
tioned above not only relieves the selection rules, but also splits the two 
‘T states into two sets containing two levels apiece. It may be that the 
shift of one band with respect to the other represents a curvature in the 
graphs of these energy levels as a function of field strength. 

The spectrum of Cr(III) in molten KSCN readily fits the energy level 
diagram when a value of 1625 cm. is taken for Dg. 

The addition of CN- causes the main bands to shift steadily toward the 
blue. The set of maxima of the sequence of spectra obtained may be fit 
to the energy-level diagram by employing successively larger values of Dg. 
Eventually the highest transition is obscured by the solvent absorption 
below 400 mu. 

The usual order of field strengths for ligands!® is CN- > SCN- > CI, 
which is the sequence observed here. The change in contour of the ab- 
sorption spectrum of the thiocyanate solution as cyanide is added suggested 
that mixed complexes Cr(SCN)m(CN)é—m might have been formed. 

Manganese (II). No absorption was detected for dilute solutions of 
MnCl, in the visible and near ultraviolet. The edge beginning near 265 
my may well be associated with a charge-transfer band. ‘Transitions are 
possible in the d> Mn(II) case only between states of different spin multi- 
plicity; they are expected to be of very low intensity.'® 

Iron (III). The spectra of Fe(III) ions have been investigated 
thoroughly in both aqueous and nonaqueous solutions.*:”"% In solutions 
that are dilute with respect to chloride ions, three peaks appear at 240, 320, 
365 my, respectively. As the chloride ion concentration is raised, all three 
of these bands decrease in intensity and eventually become a broad band 
with ripples at approximately 320 my and 365 my. 

Analysis of these spectra has tended to suggest that, in the presence of 
excess chloride ion, the absorbing species is FeCl and not FeCly  ~. 
Further evidence of the tetrachloro structure is found in the spectra of 
solutions in organic solvents in which the principal species was identified'® 
as HFeCl,.. These spectra are identical with the ones in concentrated 
chloride solutions and strongly resemble the spectra in the LiCl-KCl eutec- 
tic. The temperature broadening in the molten salt solutions apparently 
washes out the small undulations observed in the room temperature solu- 
tions. 

The spectrum of the salt KFeCl, is the same as those of the aqueous and 
molten salt solutions. Although the configuration of the tetrachloroferrate 
ion has not been determined directly by X-ray or electron diffraction 
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studies, it has been deduced from magnetic susceptibility studies. These 
measurements have shown that there are five unpaired electrons, pre- 
sumably the five 3d electrons. The bonding is then interpreted as sp® so 
that the configuration is tetrahedral. However, Brady” has obtained evi- 
dence from X-ray scattering in concentrated aqueous solution that the 
predominant species is FeClg ~~. The final identification of the configura- 
tion in the molten salt system may have to await the determination of the 
structure of the aqueous solutions. 

Cobalt (II). A solution of cobalt (II) chloride in 12 N HCl shows a 
spectrum consisting of a broad band at 580 to 720 mu. The maximum of 
this band occurs at approximately 660 to 680 my, with a small shoulder at 
610 my. Analysis of this spectrum as a function of concentration’ showed 
the absorbing species to be CoClz~. A more recent study™ has resolved 
one of the bands of this spectrum into two peaks of equal intensities at 561 
and 690 mp. Smaller peaks were found at 623 and 510 my. The most 
complete study” was carried out inacetone. In the presence of excess chlo- 
ride ion two peaks of equal intensity appear at 670 and 700 my, respec- 
tively. On the blue side of this band a smaller peak appears at 620 my 
and a still smaller one at 615 my. Application of the method of continuous 
variations to this system showed the absorbing species to be CoCls ~. 
The general red-blue phenomena of cobalt (IL) solutions was shown to be a 
consequence of changes in coordination number; blue solutions are 4-co- 
ordinated and red ones are 6-coordinated. 

A recent work of Gruen affords another significant comparison. The 
spectrum of Co(NQs)2 in LiNO;-KNO; eutectic was studied as a function 
of added chloride ion. As the chloride ion concentrations increased, the — 
spectrum shifted steadily toward the red. In the presence of a large excess — 
of chloride ion two peaks of almost equal intensity appeared at 670 my and 
690 muy, respectively, a smaller peak appearing as a shoulder at approxi- — 
mately 620 my. The absorbing species was again interpreted as CoCl, ~. 

By comparison with these various spectra, it seems clear that the spec- 
trum of CoCl, in the LiCl-KCl eutectic is due to the CoCla ~ species. 

X-ray and electron diffraction studies of the solid CseCoCl, have shown 
that the complex species is a slightly distorted tetrahedron.%> The ab- 
sorption spectrum of this crystal contains a small peak at 532 mu and a 
broad band?® at from 560 to 700 my. The center of this band occurs at 
approximately 660 my. This spectrum is not identical with that of the 
molten salt solution, but it is quite similar. The broadening of the main 
band probably is.due to temperature broadening with perhaps a further 
distortion of the tetrahedron. The absence of the small peak at 532 my 
is probably a consequence of the temperature broadening. 

The studies of the spectra of Co(II) solutions containing thiocyanate 
ions are extensive. The similarity between the molten salt spectra (FIGURE 
1) and aqueous solution spectra is quite striking. In the room temperature 
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solutions the maximum occurs at 625 my, with a shoulder at 570 mu and 
a high peak*’-*! at 310 mu. In the molten salt, the edge begins at 400 mu 
due to absorption by the solvent; this precludes examination of the spec- 
trum in the near ultraviolet. 

These investigators all concluded that the highest complex was the 4- 
coordinated one, on the basis of continuous variations studies. Recently 
some doubt has been cast on the conclusion,** opening at least the pos- 
sibility that a 6-coordinated complex might occur. Without further evi- 
dence it would seem reasonable to identify the absorbing species in the 
molten case with the 4-coordinated species. Although the spectrum has 
not been measured, the structure of the crystal K.Co(SCN), has been de- 
termined by X-ray diffraction* and has been shown to contain tetrahedral 
Co(SCN),- et, 

Nickel (II). The spectrum of tetrahedrally coordinated NiClz ~ incor- 
porated in a host lattice of Cs,ZnCl: has been obtained by Gruen and Mc- 
Beth.** This ion displays peaks in its absorption spectrum near 590, 625, 
and 695 muy, as well as a large charge transfer peak near 260 mp. These 
authors also showed that the spectrum of NiCl, in molten CsCl is essentially 
the same. On the other hand, their spectra in molten LiCl have an addi- 
tional peak near 510 mp. They interpret this result as indicating that 
“the shift of the absorption spectrum to longer wave lengths which already 
makes itself felt in fused CsCl and is extremely pronounced in fused LiCl 
could be due to progressive distortions of the NiCl; ~ ion from tetrahedral 
symmetry.”’ 

In the LiCl-KCl eutectic the three bands at 590, 625, and 695 my are 
present, together with the one at 510 my. With increasing temperature 
the first three broaden and become more intense, whereas the last (at 510 
mu) shrinks. The variation in temperature also reveals the fact that the 
shoulder of the charge-transfer band, which shrinks with increasing tem- 
perature, conceals another small band that increases with temperature 
(this band has not been pointed out previously, although it is easily seen). 
Boston and Smith** interpreted these data as showing that “these absorp- 
tion bands were caused by at least two light absorbing species derived from 
NiCl, .” Jgrgensen*’ similarly concluded that the peaks at 590, 625, and 
695 my were due to tetrahedrally coordinated Ni(II) and that the peak at 
510 my was due to octahedrally coordinated Ni(II). Sundheim and Har- 
rington®® demonstrated that the spectrum could be interpreted as arising 
from tetrahedrally coordinated Ni(II). The temperature dependence of 
the peak at 510 mu may be taken as revealing the relaxation of a selection 
rule as the tetrahedral structure is distorted. oe 

The peak in question cannot arise from a gradual distortion of an existing 
structure, the amount of distortion increasing, on the average, with increas- 
ing temperature. This would lead toa gradual separation of the peak into 
two peaks, or at least to distinct broadening. The change in intensity, 
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without accompanying change in frequency, indicates that the transition 
probability or the concentration of a species is being affected by the per- 
turbation without any pronounced change in its energy-level structure. 

Gruen and McBeth have shown that the 510 my peak is not associated — 
with the tetrahedral structure. 

The contention that the 510 my peak is due to octahedrally coordinated 
Ni(II) cannot be supported. It has been shown*® that the intensities of 
d-d bands for octahedral divalent transitions are only about one one hun- 
dredth of those of the corresponding bands for the tetrahedral case. Fur- 
thermore, the energy-level diagram for the octahedral case, which strongly 
resembles that of the tetrahedral case, indicates that a set of lines is to be 
expected, rather than a single one. Examination of the absorption spec- 
trum of the hexaquo Ni(II) species“ confirms this prediction. 

Finally, a computation of the energy level diagram of Ni(II) in fields of 
tetrahedral and octahedral symmetry has been published by Liehr and 
Ballhausen.*1 With its aid we have identified the transitions occurring in 
the spectrum. By selecting a value of Dg = 500 cm.—", a reasonably good 
fit is obtained (FIGURE 15). On testing the selection rules®:* it is seen 
that the transitions are all permitted by electric dipole radiation except for 
the one from the ground *7',, state to the *A,, state. (This corresponds in 
energy to the 510 my peak.) Distortion of the tetrahedral J. field to, say, 
C3, symmetry, as could be accomplished by slightly moving one of the four 
ligands nearer to or further from the central ion, causes a splitting in which 
the former ground state (*7),) separates into a *#, and a *Aj, state. One 
or the other of these becomes the new ground state. Examination of the 
new set of selection rules shows that the previously forbidden transition to 
the *A,, state is not allowed from the new ground state. Distortion to the 
C3, symmetry leads to similar conclusions. 

Thus, it appears that the d-d peaks can be correlated easily with the 
tetrahedral Ni(II) energy level diagram and that the peak at 510 my is 
due to the relaxation of a selection rule brought about by a slight tetragonal 
or other distortion of the tetrahedral structure. 

Copper (II). Cu(II) in 12 M HCl by the method of continuous varia- — 
tions*** has shown that the highest. chlorocomplex occurring is CuCly ~. 
The absorption spectra of these solutions is similar to the spectra obtained 
for the molten salt solutions. 

In 12 M HCl, peaks are found at 250 to 260 my and at 360 my.” An- 
other investigator located these peaks at 263 and 384 mu.*® At 364° C. 
peaks are found at 260 and 370 mu. 

The configuration and spectrum of the solid double salt CseCuCl, have — 
been determined and show the ion to be a flattened tetrahedron having ab- 
sorption bands of almost equal intensity at 332 mu and at 415 my.4*7 The 


* The g-g rule may be ignored in discussion of these weak d-d transitions. 
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profile of the crystal spectrum resembles that of the molten salt, but is 
displaced distinctly with respect to it. The gradual disappearance of one 
peak in the molten solution as the temperature is raised suggests that there 
may be a progressive change in configuration, as in the case of Ni(II), 
probably from tetragonally distorted to more nearly regular tetrahedral. 


obs. calc. 


Dq(cm') Transitions 


Fiaure 15. Energy level diagram for nickel (II) ion. 


The ligand field theory predicts the occurrence of a single transition ; CY in 
28 for a tetrahedral configuration; energy of this transition®:* is below 
13,000 cm. Consequently, the peaks described above correspond to 
charge-transfer rather than d-d transitions. Until an analysis of the near- 
infrared absorption spectra of Cu(II) solutions is performed, ligand field 
theory cannot contribute to the theory of the configuration of this ion. 


SuMMARY 


The absorption spectra of metal ions of the first transition series dissolved 
in molten LiCl-KCl eutectic are given, together with the spectra of some 
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of the ions dissolved in molten KSCN. It is shown that the stoichiometry 
and geometry of complex ions occurring in these melts can be determined, 
in most cases, by comparing the spectra with those of crystals or solutions 
where the configuration of the ion is known and by utilizing the ligand field 
theory. 


COONAPWHr 
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ISOTHERMAL AND ISOPIESTIC DECOMPOSITION OF 
POTASSIUM PERCHLORATE AND 
POTASSIUM CHLORATE* 


Aubrey E. Harvey, Carl J. Wassink,t Tommy A. Rodgers,t 
Kurt H. Stern 
Department of Chemistry, University of Arkansas, Fayetteville, Ark. 


Introduction 


By far the largest part of the work done on fused salts in recent years 
has been concerned with their physical properties, that is, with behavior 
that does not change the chemical composition of the salt during measure- 
ment. Among these one may mention density, conductance, transference, 
and surface tension. 

In surveying the actual substances used in such studies, the predominance 
of the halides is striking but not surprising; their thermal stability qualifies 
them for the purpose. 

On the other hand, our knowledge of the behavior of salts with oxygen- 
containing anions at high temperatures is relatively slight. Of the twenty- 
odd common ions of this type in which a nonmetal is combined with oxygen, 
the majority decompose below the boiling point, and several do so in the 
solid state (one may think of the anions combined with an alkali metal 
cation in order to visualize the actual compound). There seems to be no 
simple rule that will predict which anions will be thermally stable. In 
general, if the electronegativity of the element combined with oxygen differs 
greatly from that of the latter, the ion is more probably stable. Thus 
oxyanions of silicon, boron, arsenic, and phosphorus are generally stable 
(the differences in electronegativity ranging from 1.4 to 1.7), those of car- 
bon, bromine, iodine, chlorine, and nitrogen are generally unstable (0.5 to 
1.1); sulfur and selenium (1.0 and 1.1, respectively) occupy a middle 
ground; sulfate is stable, but sulfite is not. 

The decomposition products of the oxyanions are generally fairly well 
known, but the mechanism of the decomposition and other kinetic data 
generally are not. 

Because of its practical importance, the thermal decomposition of potas- 
sium perchlorate has been studied more than that of other salts but, despite 
a number of studies, the mechanism of the reaction is not yet entirely clear. 
The present work is intended to shed more light on this mechanism. 


* The work reported in this paper was supported in part by a grant from the Office 


R rch, United States Army, Washington, D.C. . ; 
Bris paper a hase’ in part upon the Master of Science theses of C. J. Wassink 


and T. A. Rodgers. 
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Historical Background 


The action of heat on potassium perchlorate has been studied by various 
workers for a number of years. Only in comparatively recent years has 
the kinetic approach been applied to studies of the thermal decomposition 
of potassium perchlorate. 

Glasner and Simchen!~4 and Glasner and Weidenfeld® studied the thermal 
decomposition of potassium perchlorate in vacuo and at atmospheric pres- 
sure. In both cases it was concluded that the reaction is independent of 
the physical state of the system and that the decomposition is of the type 


Solid A — Solid B + gas 


even after melting occurs. A modified form of the rate equation formu- 
lated by Prout and Tompkins® for the decomposition of solids was applied 
to the data. The authors were able to account for the phenomena observed 
in both the liquid and solid phases with this rate expression and concluded 
that the molten phase is quasicrystalline. 

Bircumshaw and Phillips’ described the thermal decomposition of potas- 
sium perchlorate 7n vacuo as follows: 

(1) A solid-phase decomposition occurs initially with the formation of 
potassium chloride and potassium chlorate. The chloride formed acceler- 
ates the reaction and, due to the accumulation of potassium chlorate, melt- 
ing occurs. 

(2) A liquid-phase decomposition begins at the end of the transition to 
the liquid phase. 

(3) The melt solidifies due to the accumulation of potassium chloride, 
and gas evolution becomes slower. 

It was concluded that the decomposition cannot be represented by a 
single equation and is probably the net result of several simultaneous reac- _ 
tions. 

Harvey et al.§ studied the thermal decomposition of potassium perchlo- 
rate under pressure of evolved oxygen in a constant-volume system and — 
observed that the rate of decomposition of potassium perchlorate under _ 
‘these conditions is dependent upon the concentration of perchlorate and 
upon the physical state of the reacting material. It was further found 
that: the decomposition, before the appearance of a second solid phase, 
proceeds by two first-order reactions: a solid-phase decomposition followed 
by a liquid-phase decomposition. During the transition from the solid to 
the liquid phases, both reactions occur simultaneously. It was postulated 
that the decomposition is step-wise with the reaction 


KCIO, > KCIO; + [0] 


as the rate-determining step. Rate constants for the liquid and solid 
phase reactions were measured at various constant temperatures. The 
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activation energies, Arrhenius-frequency factors, and activation entropies 
were calculated from these measurements. 

Previous investigations of the thermal decomposition of potassium chlo- 
rate have been concerned chiefly with the examination of decomposition 
products in an effort to determine the identity and relative quantities of 
the substances formed in decomposition.?-!4 
- The thermal decomposition of potassium chlorate and chlorate-chloride 
mixtures has been studied kinetically by Glasner and Weidenfeld.!. On 
the basis of their experimental studies these authors proposed that the 
thermal decomposition of potassium chlorate involves two consecutive re- 
actions in which potassium chlorate decomposes to potassium chloride and 
oxygen, followed by the absorption of atomic oxygen by potassium chloride 
to form potassium perchlorate. 

This mechanism was examined by Bosch and Aten,!® who decomposed 
mixtures of NaClO; and NaCl, the latter containing Cl?4 and Cl. The 
decomposition products were isolated and measured for specific activity. 
The very low ratio of labeled chlorine in the perchlorate to that in the 
chloride led these investigators to conclude that the formation of per- 
chlorate from chloride does not occur to an appreciable extent in the de- 
composition of potassium chlorate. 


Experimental Procedure 


Preparation of samples. Reagent-grade potassium perchlorate was re- 
crystallized twice from distilled water, dried in an oven at 110°C., and 
stored in a desiccator. Tests for chlorate and chloride were negative. 
Portions of the prepared stock were taken as needed and crushed into fine 
particles with a mortar and pestle. 

Potassium chlorate, radiochemically tagged with Cl** in tracer amounts, 
was prepared by an electrolytic process,'® using Cl** in the form of hydro- 
chloric acid. A solution of KCl, K2Cr2O; , and HCl** was electrolyzed on 
platinum electrodes for 20 hours. The product was recrystallized several 
times until the dichromate color was removed from the crystals of the 
residue. These crystals gave negative tests for perchlorate and chloride. 
The activity of the KCIO; was found to be 136 disintegrations/min./mg., 
as measured in a beta-proportional counter. _ 

Reagent-grade potassium chlorate was recrystallized twice from distilled 
water and dried at 110°C. for 3 days. The purified material was stored 
in a desiccator, and samples for experiments were taken from this stock. 
The samples were crushed into fine particles prior to use. 2 

Apparatus. . The apparatus used in the isothermal decomposition of po- 
tassium perchlorate at constant pressure is represented diagrammatically 
in FIGURE 1. The apparatus consists of a Pyrex glass reaction tube heated 
by an electric furnace and connected by a three-way stopcock to a duplicate 


gas-volume measurement system. 


974 Annals New York Academy of Sciences 


The two gas-volume measurement systems are mirror images of each 
other and are connected to the reaction tube by a three-way stopcock so 
that the tube may be opened to either or both sections at any time. The 
volume of oxygen evolved during decomposition is measured in a standard 
gas burette that is initially filled with mercury. The displacement of mer- 
cury from the gas burette is regulated by a solenoid valve. The valve is 
activated by an electronic relay controlled by a differential mercury mano- 


To mirror image <— 
of system shown 


Figure 1. Apparatus for the measurement of oxygen volume during the isopiestic 
thermal decomposition of potassium perchlorate. Keys: A, micromax temperature 
controller; B, reaction tube; C, electric furnace; D, microvolt amplifier; E, record- 
ing potentiometer; F, mercury manometer; G, mercury; H, gas burette; I, mercury 
differential; J, electronic relay; and K, solenoid valve. 


stat. The manostat is connected on one side to the gas burette and, on 
the other, to a compensator tube that is maintained at the operating pres- 
sure. During the course of a kinetic run the two sections of the volume 
measurement system are used alternately; one side is used while the other 
is readjusted. 

In the original apparatus the reaction tube consisted of a cylindrical 
tube with one arm of a Pt-Pt (90 per cent), Rh (10 per cent) thermocouple 
so placed in the tube that it was covered by the sample being decomposed. 
The junction of the external arm is immersed in an ice bath. The sample 
temperature was determined by measuring the potential of the thermo- 
couple circuit with a K2 potentiometer. The reaction tube was heated in 
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an electric furnace, the temperature of which was controlled with a Leeds 
and Northrup Micromax controller. 

In later stages of the work two improvements were made on the original 
apparatus: 

(1) A new reaction tube with a magnetically operated sample feeder was 
constructed. The sample feeder is in the form of a small glass dish with a 
piece of iron sealed into its bottom. The feeder is placed on 2 pivot rests 
inside the reaction tube at the top. The sample is dumped into the bot- 
tom of the tube by manipulating an external magnet perpendicular to the 
pivot axis of the feeder. In order to make this modification, it was neces- 
sary to seal the thermocouple junction into the bottom of the reaction tube 
so'that the leads are external to the tube. 

(2) The output of the thermocouple is fed into a DC amplifier and then 
to a Brown recording potentiometer. This assembly provides an instan- 
taneous and continuous record of sample temperature. A mercury cell 
that gives a constant voltage over a considerable period of time is used as 
the reference potential for this automatic recording device. This arrange- 
ment permits adjustment to give a desired deflection of the recorder pen 
for a given change in sample temperature at the temperature level chosen 
for the isothermal decomposition. The electric circuit is so constructed 
that a K2 potentiometer can be connected at any time to make calibration 
points. 

With these additional features it is possible to bring the reaction tube to 
the proper temperature before introducing the sample and to control the 
temperature more closely than is possible with manual measurements. 

Differential thermal analysis( DTA) studies and isothermal decompositions 
of potassium chlorate at constant volume were carried out using the ap- 
paratus already described by Harvey et al. A 2-compartment reaction 
tube with Pt-Pt (90 per cent), Rh (10 percent) thermocouple circuitry was 
used in the DTA studies. Sample temperature was recorded versus dif- 
ferential temperature on a Leeds and Northrup X/Y recorder. 

Analysis of residues. In certain experiments the decomposition residues 
were analyzed for chloride, chlorate, and perchlorate content. These resi- 
dues were recovered, weighed, and dissolved in distilled water for analysis. 
Aliquot portions of these solutions were analyzed for chloride by the Mohr 
method. Total chlorate and chloride were determined by reducing the 
chlorate with sulfurous acid and then analyzing the resulting solution for 
chloride by the Mohr method. Perchlorate was calculated by difference. 
Representative data are shown in TABLE 1. 

In the tracer studies, perchlorate in the residues was recovered and iso- 
lated for counting by precipitating as tetraphenylarsonium perchlorate.” 
All activites of samples and residue fractions were measured with a beta 
proportional counter. Data are shown in TABLE 2. “ 

It was observed that, after considerable use of the decomposition appara- 
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tus, the platinum leads in the pressure controlling device became slightly — 


corroded. The gas evolved during an isothermal decomposition of potas- 


sium perchlorate was investigated for the presence of chlorine or an oxy-— 


chloro compound. Using o-toluidine in a colorimetric method, very small 
amounts of Cl. or ClO» were detected. The concentration of the substance 
appeared to be less than 0.01 ppm. 


TABLE 1 


KINETIC DATA ON THE Souip-PHasE THERMAL DECOMPOSITION 
or Potassium PERCHLORATE AT 561 + 2° C. 


Mole per cent 


Time (min.)* 

KC10O4 KCl0s3 KCl 
25 96.3 2.0 Lit 
30 96.2 28 i Way 
30 96.1 2.0 1.9 
34 95.4 2.4 2.2 
37 94.6 2.3 Suk 
42 94.8 > ey 2.5 


* Hach line represents a separate run carried out for the length of time indicated 


TABLE 2 
Data FROM ISOTHERMAL DECOMPOSITIONS UNDER PRESSURE OF 1 ATMOSPHERE OF 
OxYGEN oF PoTassIUM PERCHLORATE CONTAINING 
TaGGED Potassium CHLORATE 


Sample number* I II Tit IV Vv 
Decomposition temp. (°C.) 562 + 1/575 + 1/575 + 1/561 + 1/560 + 1 
Vol. of O2 liberated, ml. 12.5 51 46.7 50 72 
Mole % perchlorate remaining (calc.) 86 70 68 55 38 
Time of decomposition, min. 33 17 20 52 75 
Initial activity of sample, epm 2355 4710 | 4710 2360 2360 
Perchlorate activity after decom- A | 732 3230 | 3050 1042 635 

position, cpm z 717 3300 | 2750 1047 589 
oo — 300 — — 

Per cent of initial activity found A 34 69 83 44 27 
in KCIO, residue B 33 70 59 44 25 
C — -= 64 — — 


* Sample weights: I, IV and V contained 0.3289 gm. of KCIO d 0.0 
KCIO; ; II and III contained 0.6579 gm. of KC1O, A 0.0306 sian at KCIO ee a 


Isothermal decomposition of potassium perchlorate. Samples of purified 
potassium perchlorate were decomposed in the apparatus described above 
at various constant pressures of air or oxygen and at various constant 
temperatures from 555° C. to 590°C. Sample temperatures were meas- 
ured with a K2 potentiometer in earlier experiments and were recorded 
continuously after the recording potentiometer was incorporated into the 
apparatus. 


The experimental procedure used in obtaining the kinetic data was as 


— ee 


Harvey et al.: Decomposition of Potassium Compounds 977 


follows. For the decompositions carried out under constant pressure of 
air, the system was adjusted initially to atmospheric pressure (725 to 730 
mm. Hg), and the pressure was held constant within 1 mm. during the 
experiment. A sample of pure potassium perchlorate weighing 0.500 gm. 
was used in each run, except that 2.000-gm. samples were used in 3 experi- 
ments designed to study the solid-phase decomposition only. Sample tem- 
perature was recorded at 3-min. intervals when manual measurements were 
made. The volume of oxygen evolved was measured at intervals of 2 to 
5 min., depending upon the length of the run. 

When decompositions were carried out under constant pressures of oxy- 
gen, the entire system was isolated from the atmosphere and evacuated, 
and then oxygen was introduced into the apparatus. This process of 
evacuating and filling with oxygen was repeated 3 times to ensure a pure 
atmosphere. The entire system was adjusted to the desired pressure as 
measured by the open-arm manometers. The stopcocks to the compensa- 
tor tubes then were closed, establishing the constant pressure for the de- 
composition. 

Initial volume measurements corresponding to zero were taken when 
the temperature of the sample reached 550°C. This temperature was 
reached within a minute after the sample was introduced into the heated 
zone of the sample tube, and the maximum temperature in every case was 
reached within 3 min. No appreciable decomposition occurred below 550° 
C., and the thermal expansion above 550° C. of the oxygen initially present 
was negligible. 

The temperature assigned to an experiment was determined by studying 
the graph of time versus sample temperature given by the Brown potenti- 
ometer. The curve fluctuates as a result of control cycling, and the aver- 
age temperature of the decomposition is given by that isothermal line so 
drawn that areas enclosed by the curve above and below the line are nearly 
equal. Sample temperature was controlled to the nearest +2° C., and the 
root. mean-square temperature of a decomposition was determined to the 
nearest -L0.2° C. 

Volume measurements were taken at suitable intervals, ranging from 
every 30 sec. for a rapid decomposition at high temperature to every 5 min. 
for low-temperature decompositions. During the decomposition in the 
solid phase, volume readings were taken immediately after the solenoid 
valve had closed, since the gas was evolved so slowly that often 2 to 3 min. 
elapsed between successive increments in volume. When one burette was 
filled, the stopcock above the reaction tube was turned to connect the other 
half of the system. The first burette then was isolated from the system, 
opened to the air, and refilled with mercury. 

Sample size was regulated by, and directly proportional to, the pressure 
at which the decomposition took place. No more than 4 burettes (400 ml.) 
of gas were collected for a single decomposition, therefore, at a pressure of 
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one fourth atmosphere of oxygen, a 0.250-gm. sample was used. For de- 
compositions at a constant pressure of 114 atmosphere, 1.000-gm. samples 


were used. Several decompositions in the solid phase alone were under- — 


taken with a 2.000-gm. sample size. 

The relative amounts of potassium chlorate and potassium chloride 
formed at each stage of decomposition must be known in order to calculate 
the fraction of residual potassium perchlorate from the volume of oxygen 
evolved. The molar ratio KClO;/KCl as a function of mole percentage 
KCI0, was reported by Harvey et al.’ for the decomposition of potassium 
perchlorate under pressure of evolved oxygen. In order to use this graph 
in the present work it was necessary to establish the fact that the KC1O3/ 
KCl ratio varies in the same way under conditions of constant pressure. 
Three duplicate runs were made in which potassium perchlorate was de- 
composed at different temperatures and the residues were recovered and 
analyzed for chlorate and chloride. The results of these experiments, 
superimposed upon the original data,’ are given in FIGURE 2. The data 
from these experiments (triangular points on plot) establish the fact that the 
graph is valid for decomposition at constant pressure. 

Differential thermal analysis of potassium chlorate. A number of differ- 
ential thermal analyses of potassium chlorate were made in which the runs 
were stopped at various temperatures ranging from 330° C. (below the 
melting point) to about 600°C. The purpose of these studies was two- 
fold: (1) to establish a record of the thermal behavior of potassium chlorate 
throughout the range from room temperature to 600° C.; and (2) to de- 
termine the relative amounts of products formed at various stages of de- 
composition. In addition, isothermal decompositions of potassium chlo- 
rate were made at 400° and 500° C. in an effort to establish the temperature 
range in which this material begins to decompose. In all experiments the 
decomposition residues were recovered, weighed, and analyzed for chloride 
and chlorate content. Perchlorate was calculated by difference. 

In the differential thermal analyses, 0.8000-gm. samples of potassium 
chlorate and 1.0 gm. of potassium chloride as reference material were placed 
into the appropriate compartments of the reaction tube. The tube was 
sealed into the rest of the apparatus, and the entire system was evacuated 
with an oil-vacuum pump. The mercury manometer was read with a 
cathetometer, and heating was begun. The rate of heating was maintained 
at about 7° C./min. with a variable voltage transformer (Variac). Meas- 
urements of change in pressure and of sample temperature were made 
alternately at 3-min. intervals. In a few cases the sample was observed 
visually throughout the run to note the occurrence of phase changes. At 
the end of a run the decomposition residue was recovered by dissolving the 
remaining material in distilled water and evaporating this solution to dry- 


ness. The resulting residue was weighed and dissolved in distilled water 
for analysis. 


— 
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Figure 3 shows the corresponding heating-rate curve and pressure-time 
curve for the same sample. 

From FiguRE 3 it may be seen that potassium chlorate undergoes no 
changes in crystal structure or other phase changes in the range from room 
temperature up to the melting point. Melting starts at 350° + 0.9°C. 


100 80 60 40 20 
Mole per cent KCIOg 


. Chlorate/chloride ratio during thermal decomposition of potassium 

Be arite, Symbols: eng circle, experimental points from decompositions, under 

eure of evolved gas; open circles, calculated by method of least squares (graph- 
ical); triangles, experimental check points at atmospheric pressure. 


and is complete at 359° + 0.9° C. under DTA conditions. It was observed 
visually that a large dip in the DTA curve is produced at the transition 
from solid phase to liquid phase. As the temperature rises the liquid po- 
tassium chlorate begins to decompose, evolving oxygen. At temperatures 
above 500° C. decomposition is rapid. After melting occurs the peanp le re- 
mains in the liquid phase during differential thermal analysis up to 600° C., 
the highest temperature of any experiment. 
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The results of the chemical analyses of the DTA decomposition residues 
are presented in TABLE 3. 


600; 


500 \50 3 
5 aa nae aa (ereasur E 
400) ; 40 < 
1 > 
or ow re 1 3 
! 
| 
§ 300 50 3 
5 \ $ 
J I = 
E 3 
* 200) : 20 
2 i § 
E 3 
n 
100) H iO 
I 
| 
0 ==S = 5S lo 
) 30 60 90 120 
Time (min) 


Figure 3. Decomposition and heating rates of 0.8000-gm. sample of potassium 
chlorate. 


TABLE 3 


DECOMPOSITION OF PoTAssIUM CHLORATE AT VARIOUS STAGES OF 
DIFFERENTIAL THERMAL ANALYSIS 


Temperature at end KC103 Ratio* KC10s/KCl 

Sample number “ ey soya (mole/mole) ( us Hy esis) 
A-5 478 0.0 — — 
A-6 498 0.0 — — 
A-10 504 8.9 tT 2.7 
A-9 509 11.2 7.8 2.5 
A-8 555 83.7 5.8 2.0 
A-7 556 83.7 6.1 1.9 


* Ratio of moles of KCIO; deooeppine PI by KC1O; = 34KCIO, + KCl to moles of 
KCIO; decomposing by KC10; Os. 


} Slight leak in system prevented whites beer: of this value. 


Results 


Representative kinetic curves for the isothermal decomposition of potas- 
sium perchlorate are presented in FiguRE 4. These curves show that the 
reaction occurs by two first-order reactions: a solid-phase decomposition 
followed by a liquid-phase decomposition. During the phase transition, 
both reactions occur simultaneously, as indicated by the nonlinear portions 


of the curves. Toward the end of decomposition a solid phase reappears, 
and the reaction rate decreases. 
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Initial experiments were carried out under an atmosphere of air; pres- 
sures were held constant at prevailing atmospheric pressure (725 to 730 
mm. Hg). The rate constants for the decomposition under these condi- 
tions are presented in TABLE 4. 


a 
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Log, concentration KCIO, (mole per cent) 
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Time (min) 
Figure 4. Isothermal decomposition of potassium perchlorate at various tem- 
peratures. 


TABLE 4 


Rate CONSTANTS FOR THE [ISOTHERMAL DECOMPOSITION OF POTASSIUM 
PERCHLORATE UNDER ATMOSPHERIC PRESSURE 
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In subsequent experiments the system was evacuated and then filled 
with oxygen so that a constant pressure of oxygen was maintained through- 


out the runs. In this series of experiments various constant pressures from — 


TABLE 5 


Rave Constant FOR THE Souip-PHASE ISOTHERMAL DECOMPOSITION OF POTASSIUM 
PERCHLORATE UNDER VARIOUS CONSTANT PRESSURES OF OxYGEN 


Pressure (mm. Hg) 


190 380 570 728+4 950 
; 5 4 3X 105| Temp. |&s X105| Temp. | &s X 105} Temp ks X 105 
Ry Gi 5 Te yee (CK) tos (KS (sec.—1) (°K) (sec.) 
833.8 3.84 | 832.2 | 2.89 | 833.9 | 2.35 | 833.0 3.46 | 831.7 2.40 
838.3 4.35 835.2 3.20 844.0 3.79 836.0 2.56 | 838.6 2.71 
838.7 4.21 837.5 | 3.05 | 844.2 | 4.23 | 842.5 4.22 | 841.9 See 
839.6 3.50 | 839.2 | 3.70 | 849.1 5.50 | 843.0 4.83 | 843.3 3.68 
845.1 5.84 | 839.8 | 4.31 857.7 6.76 845.5 5.42 | 844.0 4.31 
847.4 6.53 | 844.6 | 5.32 | 853.3 | 7.02 | 847.0 7.98 | 850.7 5.56 
851.0 7.04 | 845.7 | 8.42 847.5 | 10.9 853.0 5.72 
854.4 8.40 | 847.9 | 6.72 
848.4 6.88 
848.6 5.22 
848.7. | 7.34 
848.9 | 7.86 
848.9 | 8.78 
TABLE 6 


Rate CoNnsTANTS FOR THE LiQuiIp-PHASE ISOTHERMAL DECOMPOSITION OF 
Potasstum PERCHLORATE UNDER VARIOUS 
CoNSTANT PRESSURES OF OXYGEN 


Pressure (mm. Hg) 


190 380 570 72844 950 
Temp. |fi X 104| Temp. | i X 104] Temp. | ki X 104} Temp. | ki X 104] Temp. ki X 104 
(°K) (sec.~) (°K) (sec.“1) (°K (sec.-}) (°K (sec.“!) (°K) (sec.—) 
834.8 9.91 | 836.0 7.92 | 844.1 7.41 | 834.0 5.68 | 838.2 8.08 
840.1 | 11.2 837.1 8.08 | 852.7 | 10.7 839.0 7.69 | 838.2 8.24 
843.3 | 12.3 837.2 8.98: | 852 -e fh 1152 842.0 8.14 | 844.9 10.9 
847.5 | 14.0 841.3 9.74 | 854.3 | 13.1 842.5 9.78 | 844.9 2 
850.1 | 15.5 848.6 | 13.8 861.2 | 18.6 847.5 | 11.5 848.0 12.8 
Fl Ca We oad 850.1 | 15.3 848.0 | 13.9 848.3 14.1 
856.4 | 20.3 851.4 | 16.5 848.5 | 15.6 854.0 18.1 
851.9 | 17.0 855.3 18.5 
852.8 | 19.8 857.1 PAR | 
855.3 | 21.2 857.8 | 20.8 
856.1 | 22.0 


one quarter to one and one quarter atmospheres of oxygen were used. 
Rate constants for the solid and liquid phase decompositions are presented 
in TABLES 5 and 6, respectively. 

A representative plot of log k versus (1/7) from which the activational 
enthalpies and frequency factors are obtained is given in FIGURE 5. Acti- 


ee 
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vational entropies were calculated from the Eyring equation, using the 
above-mentioned activational enthalpies. These entropies are average 
values for the range of temperatures in which the studies were made. Ac- 
tivational enthalpies and activational entropies for solid- and liquid-phase 
reactions at various constant pressures are presented in TABLES 7 and 8, 
respectively. 
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Ficure 5. Typical data for determination of activational enthalpy for thermal 


decomposition of potassium perchlorate at an oxygen pressure of 1 atmos- 
phere. Symbols: solid circles, solid phase; open circles, liquid phase. 


Discussion 


Any mechanism proposed for the thermal decompostion of KClO, must 
take account of the four following observations: 

(1) The rate of the decomposition, as well as the activational energy, is 
essentially independent of oxygen pressure, as far as our data show. The 
rather poor precision does allow for some slight pressure dependence. 

(2) When KCIO, is heated at temperatures above 550° C. the amount 
of KCIO; does not exceed a few mole per cent. The radio tracer experi- 
ment shows that KCIO; re-forms KClO, under these conditions. 

(3) If KC10.z is heated long enough above 550° C., the final products are 
only KCl and O:. 
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(4) If KCIO; is decomposed at 500° C., KClO, builds up in the melt. 
Under these conditions the rate of disappearance of potassium chlorate, as 
well as the rates of appearance of potassium perchlorate, potassium chloride, 
and oxygen, are apparently zero order with respect to mole fraction of the 
component in each case. 


TABLE 7 
KINETIC QUANTITIES FOR THE SOLID-PHASE IsoTHERMAL DECOMPOSITION OF 
PorasstumM PERCHLORATE UNDER VARIOUS CONSTANT 
PRESSURES OF OXYGEN 


Decompo- 
iti t 
Quantity 190 mm. 380 mm. 570 mm. pees 4 950 mm. conten: 
; volume 
Activational en- | 65.7 virgen | 69.7 72.5 72.0 70.5 


thalpy, (AH kcal./ + 8.44 + 13.5 +3.2)° + 5.7 | 2 13.7) =2eae6 
mole) 


Activational entropy, |—2.4 11.2 1.4 3.6 4.5 0.6 
(AS Sake + 10.0) + 13.4) +2.3| + 0.5 +9.1| + 2.7 
gree 


TABLE 8 
KINETIC QUANTITIES FOR THE Liquip-PHASE ISOTHERMAL DECOMPOSITION 
oF Porasstum PERCHLORATE UNDER VARIOUS CONSTANT 
PRESSURES OF OXYGEN 


Decompo- 
Quantity 190 mm. 380 mm. 570mm. | 728+4mm.| 950 mm. conntaak 
volume 
Activational enthalpy, | 67.2 71.6 ie | 70.1 70.6 70.5 
(AH keal./mole) +5.2} +3.1}/ +3.6] +106) +2.0] + 3.2 
Activational entropy, |—1.7 10.9 4.6 aul 9.5 : 
(AS cal. / mole - de - +~3.1} +3.7|] + 3.2 +2.0} +1.8] + 4.6 


gree) 


The above observations are consistent with the following reaction se- 
quence for the decomposition of KClO4 above 550° C.: 


KCIO, —, KCIO; + 40, (1) 
KCIO, —%, KCl + 340, (2) 
KCIO, —&., 34KClO, + 14KCl (3) 


Since a plot of log [KC1O,4]* versus time is linear and since [KC10] never 
builds up above a few mole per cent, REACTION 1 is first-order and rate-de- 
termining. The tracer studies provide evidence for REACTION 3. 


* Brackets [| ] are used in this paper to denote mole fractions. 
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The differential equations for the appearance of each reaction component 
are: 


d es = —h{KCIO] + 3 {KCI} (A) 
d eee = In[KC1O. — ke[KC10g] — kslKCIO,] (B) 
d nee = keKC1Og] + Ies[ C103] (C) 

d oe = 5 mUKCIOg a 5 bIKCIO] (D) 


Consider the case in which one begins with 1 mole KC]O,. Then the 
boundary conditions are: 


[KC10,] + [KCIO;] + [KCl] = 1 
Att =0 
[KCIO,] = 1, [KC1O;] = [KCl] = [O.] = 0 
Att = © 
[KC10,4] = [KCIO3] = 0, [KCl] = 1, [O.] = 2 


Since [KCIO3] always remains small, a solution of EQUATION A that con- 
forms to observations is A’, [KClO.] = e“14.. Subsequent substitution of 
this into Equation B, C and D yields for the solutions of these equations: 


= ky —kyt Fad —(kg+k3) t RB’ 

[KCIO,] = ag es le € ] (B’) 

By. —kyt ky —kyt _ —(katks)t Q’ 

[KC] = 1—e ery ree at e ] (C’) 

‘a (4k, + a)e 1 a —(ketka)t lk + a) jase D’ 

oo en ee 
where 

ad eae 
~ 2he + ky — kt 


It is not unreasonable to suppose that kz. > k; (this accounts for the low 
KCIO; concentration throughout the course of the reaction) and that, since 
an appreciable amount of the KC1O; produced re-forms KCIlO;, ks > ke and 
k,. Tentatively, then, the order of rate constants is k3 > ka > ky. Anal- 
ysis of melts at various periods of time for KCIO; shows that EQUATION 
(B’) accounts well for the experimental observations, but [K-C1O3] is fairly 
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independent of postulated k2/k; ratios. The ratio lies between 2 and 100. 
If the above arguments are valid, the following simplifications can be ef- 
fected in EQUATIONS B’ and C’: 


— ky —kyt B’ 

[KCIO;] = amg 7 CB”) 

[KCl =: =r fi gies Tage (1 + ua ) (0%) 
ko + kz ke ae ks 


From a consideration of these equations one can argue that ki/(k2 + ks) 
cannot be negligibly small, for otherwise no KCIO; would appear. The 
value (kz + ks) can be estimated using the data of TABLE 1. Thus, for 
the solid-phase decomposition of KClO, at 561° C. ki ~ 3 X 107° sec. 
(see TABLE 5). Wethen calculate (2 + ks) from EQUATION (B”) and experi- 
mental values of [KCI1O3]. Unfortunately, [KClO;] and [KCl] are not par- 
ticularly time-sensitive in the initial stages of the reaction when the equa- 
tions would be expected to apply best. For the various values in TABLE 1 
(k2 + k3) varies from 0.0010 to 0.0014 sec.-! If these values are then 
used to calculate [KCl] from mquation (C”), the calculated values agree 
fairly well with the experimental ones. The above range of values for 
(ke + ks) is also consistent with the hypothesis that REACTION 1 is rate- 
determining. 

An accurate determination of kz and k3 individually is not possible from 
our data. However, at 400° C., where KCIO; is solid, the ratio of KClO; 
decomposed by REACTION 3 to REACTION 2 is 3.4. If this ratio holds«at 
560° C. for the solid phase decomposition of KClO,, k2 and k3 can be esti- 
mated as 0.0003 and 0.0007 sec.—! respectively. This also agrees with the 
statement (made previously) that kj > kz > ky. 

The problem of determining k2 and k; for the liquid-phase decomposition 
of KC1O, is more involved because it is not possible to start with pure liquid 
KClO,. One can well argue from the data, however, that the reactions 
in the liquid are essentially the same as in the solid: (1) the disappearance 
of KCI, follows a first-order law, but k; is about 20 times as great as for 
the solid-phase reaction; (2) KCIO; and KCl are also formed; and (3) ac- 
tivational energies, enthalpies, and entropies are about the same. It may 
be, however, that the relative magnitudes of ky and ks; are different. For 
example, in the decomposition of KCIO; at 500° C. it was found that the 
ratio of KCIO; disappearing by REACTION 3 compared to REACTION 2 had 
changed from 3.4 (at 400° C.) to 8.2, which suggests that ks is larger relative 
to ky in the liquid decomposition. However, insufficient data are avail- 
able to establish this with more certainty. 

We consider next the activational energies. Unfortunately, their pre- 
cision is rather poor. The relative constancy of AH% at various oxygen 
pressures suggests that the gas is not involved in any equilibrium reaction. 
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Tracer studies with O8 above the reaction mixture would be useful to es- 
tablish this point. If REAcTION 1 is rate-determining, AH~ and AS* are 
the activational quantities for that reaction. The standard enthalpies of 
formation of KClO, and KCIO; at 25°C. are —103.6 and —93.5 keal./ 
mole respectively and, since their heat capacities do not differ greatly, AH® 
for the reaction KClO, — KCIO; + 140, at 560° C. should be close to that 
at 25°C. The above values yield only 10.1 kcal. for AH ° whereas AH 
is 70 kcal. The reaction essentially involves the breaking of a CI—O bond. 
However, if atomic oxygen is formed in the reaction (AH,° = 59.2 kcal./ 
mole) we get for AH® 69.3 keal., in excellent agreement with the experi- 
mental AH~. The small values of AS* suggest that the activated complex 
is not ordered differently from the reactants; that is, bond distances in 
ClO ion do not change perceptibly prior to decomposition. 
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ISOTOPE ENRICHMENT BY ELECTROMIGRATION IN A 
MIXTURE OF MOLTEN RbNO; AND LiNO;* 


Arnold Lundén 
Department of Physics, Chalmers Institute of Technology, Gothenburg, Sweden 


The discovery that chemical elements can consist of several isotopes led 
to attempts to find methods by which the isotopes of an element could be 
separated from each other. Lindemann’ suggested in 1921 that this could 
be done by electromigration if the mobility of an ion depended on its mass. 
At that time Kendall and his co-workers’* had already begun attempts to 
enrich chlorine isotopes by ionic migration in solutions enclosed in agar 
gels in order to suppress mixing by convection. However, neither they nor 
other investigators’ could produce any detectable shifts in isotopic composi- 
tion, and it was concluded®” that if there existed any difference in mobility 
for a pair of isotopes, it was too small to be detected. The interest shifted 
to more promising methods for isotope separation, but during World War II 
the electromigration method was studied again. The first successful ex- 
periments in aqueous solutions were performed at the National Bureau of 
Standards, Washington, D.C., by Brewer et al.,*’* who enriched both light 
and heavy isotopes of potassium. Since then few electromigration experi- 
ments have been carried out in aqueous solutions.” 

From the early unsuccessful work with aqueous solutions Klemm con- 
cluded that it would be easier to detect isotope effects if the electromigra- 
tion were carried out in a medium in which solvation did not decrease the 
relative difference between the masses of the migrating units. Hence, he 
studied electromigration in a solid salt with good conductivity,” a-AgIo 
and was able to show that the heavy isotope of silver was enriched toward 
the anode, as was to be expected if the mobility of the silver ions was mass- 
dependent. Later Klemm began to study electromigration in molten salts 
and, thus far, isotopes of about ten elements have been enriched by this 
method,”!” mainly in halides, but also in lithium and potassium nitrate. 
Chemla” has used a slightly different method when measuring isotope 
effects for electromigration in molten nitrates. 

The primary aim of the present investigation was to measure the isotope 
effect for rubidium ions in RbNO;. I chose to work with the salt chain 
cathode-LiNO;-RbNOs;-anode with which it should be possible to obtain a 
sharp boundary between the two nitrates, due to the difference in conduc- 
tivity.’ The apparatus of Supremax glass used (r1GURE 1) was some- 
what similar to the cells used previously for LiNO;?* and KNO; ;?7 where, 
however, only one salt was used in the cell. The two electrode compart- 

* The work reported in this paper was We eke in part by grants from the Atom- 


kommittén, Stockholm, Sweden and by the Chalmerska Forskningsfonden, Gothen- 
burg, Sweden. : 
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ments were separated by a U-bent separation column (length, 24 cm.; 
inner diameter, 4.2 mm.), packed with glass powder (grain size, 0.15 to 
0.20 mm.), held in place by fritted glass disks. The salts used were of 
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Ficurr 1. The electromigration cell. After the run the cell was divided into ten 
samples. 


C.P. grade. The anode compartment (at the left of riguRE 1) was filled 
with 17.96 gm. RbNO;, which was melted under a vacuum, during which 
procedure the melt penetrated into the separation column and nearly filled 
the column to the top on the cathode side of the bend. Lumps of LiNOs 
(12.84 gm.), previously remelted under a vacuum, were placed in the cath- 
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ode compartment; after a final evacuation for more than 1 hour hardly 
any gas evolved from the melt. The electrodes were inserted and the 
electrolysis started. The anode was a platinum wire, while the cathode 
of stainless steel was bell-shaped and hollow, with the opening covered by 
a steel net, through which a mixture of nitrogen dioxide and oxygen bub- 
bled into the melt, thus regenerating LiNO; at the cathode.”® I had cal- 
culated the amount of salts so that the boundary between the 2 nitrates 
should be in the upper part of the separation column (somewhere near the 
boundary between sample 3 and 4 in FicuRE 1), but there was no way of 
detecting the position of the boundary. The only check I had was made 
by following the height of the salt in the anode compartment with a cathe- 
tometer. The transported charge was measured with a copper coulometer 
and, at frequent intervals, I took readings of the current and voltage across 
the cell. The cell resistance showed rapid fluctuations in which an increase 
in resistance often was connected with gas evolving from the separation 
column. I tried to counteract these disturbances by altering the input 
current. The run was shut down after 106.8 hours, when the transported 
charge was 79,500 coulombs, corresponding to a mean current of 207 mAmp. 
and a current density in the column of 3.5 amp./cm.? 

After the cell had cooled, it was divided into 10 samples (FIGURE 1). 
The samples were weighed and the salt soaked out in boiling water. By 
weighing the remaining glass the total amount of salt was determined. 
The perchlorate-aleohol method” was used to separate the rubidium and 
lithium salts. Of other alkali metals present as impurities, potassium and 
cesium followed the first fraction, and sodium, the second. The chemical 
analysis (TABLE 1) showed that there had not been a sharp boundary be- 
tween the two components in the separation column (nor was this the case 
in other runs not quoted here). An indication that the salts had mixed 
actually appeared when the cell was quenched, since the salt in the anode 
compartment solidified at a much lower temperature than expected for 
pure RbNO; (compare these results with the phase diagram’ for LiNO;- 
RbNOs;). The fact that I did not obtain a sharp boundary between the 
two salts could be due to the occurrence of mixing when gas bubbles were 
evolved and moved through the separation column, but such bulk move- 
ments of salt in the column should have counteracted the isotope-enrich- 
ment effect considerably, which does not seem to have been the case. That 
gas evolution in the column caused more trouble in the present experiment 
than in previous work with LiNO;’ and KNO,” is due both to the higher 
temperature in the column this time (in the previous experiments the sep- 
aration column was surrounded by the lower part of the big cathode com- 
partment, thus providing more efficient cooling) and to the fact that de- 
composition begins at lower temperatures for a mixture of nitrates than 
for pure salts.* The temperature in the oven was 350° C. (measured on 
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a level with the bottom of the cell); it could be estimated to be about 
450° C. in the separation column.*! 

The perchlorates were converted to nitrates for the determination of the 
isotopic abundance ratios. The mass Spectrometer was equipped with a 
three-filament thermal ion source” suitable for measuring alkali metals as 
nitrates. The procedure used in my measurements is described elsewhere.” 
In the analysis of the samples, not only the isotopic abundance ratio in 
question, but also the amounts of chemical impurities in the different sam- 
ples were measured. This was done by comparing the heights of the peaks 
for Li’, Na, K”, Rb”, and Cs, both in the samples and in standard samples 


TABLE 1 
GRAVIMETRICAL AND Mass SpecTROMETRICAL ANALYSES OF SAMPLES 


Fraction 
Ermple Rb#5/Rb | Lit/Lis | K#/Ka | (K/Rb)-102|(Cs/Rb)-10°| (Na/Li)-108 
* | RbNOs | LiNOs 
(mg.) (mg.) 
1 258.4 | 4050.5 2.89 11.45 14.3 509 2.8 6 
2 75.8 | 3783.3 2.97 11.59 14.2 103 0.2 190 
3 132.1 395.7 oO. 21 12.24 —_ 240* 0.2 9 
4 447.5 189.2 3.00 13.95 == 19 1.0 70 
5 325.0 115.6 2640 13.92 _ 13 0.2 — 
6 332.2 120.7 2.69 14.09 — 11 — 190 
7 872.4 | 129.9 2.65 14.32 a 26 3.9 106 
8 520.6 136.2 2.62 14.66 — 16 5.9 170 
9 2980.7 | 586.8 2.62 15.24 — 4 12.5 76 
10 =|12581.6 | 1838.5 2.62 14.97 — 6 7.9 73 


* High contents of K partly due to memory effects in mass spectrometer. 

For K/Rb, Cs/Rb, and Na/Li the ratios of the mass spectrometer readings were 
multiplied by 0.57, 0.33, and 6.2, respectively, to give weight ratios. These correc- 
tion factors were determined by measuring standard samples of known chemical 
composition. The correction factor for Na/Li is the least accurate one. 

The normal K3!/K*! abundance ratio is 14.0. 


of known composition. The peak heights themselves are very sensitive to 
changes in the filament current (and thus in the temperature) in the ion 
source, but the ratios are fairly stable. At the present stage of develop- 
ment, this simple mass spectrometer arrangement coBnow be expected to 
give accurate results concerning the chemical composition,” but the method 
surely can be improved. The measured mass and abundance ratios are 
given in TABLE 1. After some corrections, for example, estimation of the 
amount of measured potassium due to ‘“memory”’ in the mass spectrometer, 
I calculated the corrected chemical composition (TABLE 2). 

As expected, it is found that the light isotopes of rubidium, potassium, 
and lithium are enriched toward the cathode and the heavy isotope of 
lithium toward the anode. Measured relative to RbNO; the potassium 
salt is enriched toward the cathode and the cesium toward the anode. So- 
‘dium shows no pronounced displacement relative to lithium in either direc- 
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tion. Klemm and Monse”™ have discussed different methods to determine 
in a mixture the mobility 6, of the component 7 relative to another com- 


ponent k. The present experiment corresponds to the simple case of en- | 


closing a melt in a convection-free tube AC, the wall A of which is imperme- 
able to the two components 7 and k. A charge Q is transported by a direct 
current through the melt. When the current is shut off, there still remains, 
at some distance from A, a region with the original composition. All the 
material between a point B in this region and the wall A is analyzed and is 
found to contain N; and N; moles of the components 7 and k. In the 


TABLE 2 
CaLcuLATED AMouUNTS oF NITRATES (EXCEPT NANOs) 


RbNO3 KNO CsN' 

Samivleie. (mg.) (mg.) oe pi: 
1 165 88 0.5 3605 
2 68 7 0.01 3367 
3 119 is 0.01 352 
4 434 9 0.4 168 
5 315 7 0.06 103 
6 322 G = 107 
Mt 361 fi 1.4 116 
8 505 8 3.0 121 
9 2891 30 Sy" §22 

10 12204 75 96 1636 


According to the mass spectrometer analysis there were minor impurities of 
RbNO; and KNO; in the LiNO; fraction and of LiNO; in the RbNO; fraction, but 
these quantities are ignored here. : 


original composition the melt had the specific conductivity « and the mole 
concentrations ¢; and c¢. The mobility b;, can now be calculated: 


— = (% a Ns) 
Q\c; Ck 


This equation is derived by considering N; moles of component k. Before 
the current transport NV; moles of component k were mixed with (c;/c.)N; 
moles of component 7. While the charge Q was transported, a total amount 
Qc;bix./« of moles of component 7 migrated in the direction CA into the 
region containing NV; moles of k. In this region the final amount of com- 
ponent 7 is 


N; = oo + 2 we 
Ck K 


which expression is equivalent to the equation given above. The two com- 
ponents 2 and k& can correspond either to two isotopes of the same element 
or to two different elements (or polyatomic ions). I shall use the subscript 
n for an anion (always nitrate), p, q,... for cations, and a and b for two 
isotopes. 


—— oor 
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Consider first b,, the mobility of one cation relative to another. As 
pg = Opn — ban, the expected bp, can be estimated from the individual 
bpn , Which are calculated from the conductivities” and densities®® of pure 
nitrates. Thus is obtained for b,,-10* at 450° C. LiNO;, 8.57; NaNOs, 
7.53; KNO; , 5.72; RbNO;, 4.69; and CsNO;, 4.37 cm.2 V— sec. For 
calculating b,, from the present experiment certain assumptions concerning 
¢; , ce and x must be made, since the original composition of the melt in the 
part of the cell that is of interest for the individual calculation is not known 
definitely. Starting with the displacement of K relative to Rb, it is found 
that a pronounced enrichment of K has taken place in samples 1 to 3; 
while the concentration is fairly constant in the other samples. If it is 
estimated that cx = 1.3:10 ° and cr, = 61.8-10° moles/em.*, a mobility 
bx.x» of the order of 19-10 * cm.’ V“ sec. ’, is obtained instead of about 
1.0-10 * as expected. In this special case Nx/cx >> N rb/Crp , and the 
calculation is very sensitive to the assumed value of cx. The total amount 
of K (and still more of Na) is higher than expected from the manufacturer’s 
information on the chemicals used; the probable explanation is that some 
of the impurities are due to reactions between the melt and the glass. If 
this increase in the amount of KNO; had occurred with the same rate 
throughout the whole cell, a correction for this would give a still higher 
value for bx,r» , but an investigation of the glass of the cell and separation 
column showed clearly that the glass had been attacked primarily in samples 
1 to 3, in which there was a high concentration of LiNO; , which is much 
more corrosive than RbNO; ; hence the strong enrichment of K in these 
samples is due not only to electromigration. 

If the enrichment of Cs relative to Rb, is considered, a very pronounced 
enrichment of Cs in samples 7 to 10 is found. However, these samples 
contain about 90 per cent of the bulk of Rb; therefore accuracy with the 
equation under these circumstances can not be expected. Moreover, a 
rapid estimation shows that there does not seem to be any sample remaining 
that has the original concentration, and that the enrichment might have 
reached a steady state. Thus, a calculation should give too low values for 
bp ; this is the case if a calculation is carried out under reasonable assump- 
tions. 

The light rubidium isotope is enriched in samples 1 to 7. For calculating 
‘the mobility bss,s7 , it may be assumed that in the beginning of the experi- 
ment the salt at the boundary between samples 7 and 8 held at least 98 
per cent RbNO; , the main impurities being KNO; and CsNO;. It isfound 
then that bss.s7 = 5.3-10 ‘cm.’ V’ sec.’ at 450°C. For isotope enrich- 
ment experiments, however, the quantity of interest usually is the separa- 
tion coefficient (or elementary process separation factor), which in this 
case is the relative difference in mobility of the two isotopes bas/Dpn = Ab/b. 
For the rubidium isotopes Ab/b = 0.0011. If, instead, it is assumed that 
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there was already a certain concentration of LiNO; in sample 7 at the be- 
ginning of the run, a corresponding increase in bgs,s7 and Ab/b is obtained. 

The abundance ratio for the lithium isotopes varies throughout the entire ~ 
cell; there is no sufficient length of the separation column in which the origi- 
nal abundance ratio is preserved. An average over the composition of all 
10 samples gives an initial abundance ratio of about 12.31, which is in good 
agreement with normal samples measured in other experiments with lithium 
salts.” Thus, in the present experiment the light isotope is enriched in 
samples 1 to 3 and the heavy one in samples 4 to 10. The run was too long 
to allow a determination of b., or Ab/b for the lithium isotopes; if, in spite 
of this, the formal calculations are carried out, the apparent value for the 
mobility b7,, is expected to be smaller than the true mobility. Moreover, 
a considerable amount of LiNO; containing a certain enrichment of Li° 
was lost by sublimation from the cathode compartment (sample 1). If 
b7,6 is estimated under the simplified assumption that in the beginning of 
the run there was pure LiNO; at the boundary between samples 3 and 4, 
it is found that bs.7 = 7-10 ° cm.’ V‘ sec.’ and Ab/b = 0.0084. No cal- 
culations were carried out on the enrichment of potassium isotopes. 

For a comparison with isotope effects in other nitrates it is convenient to 
calculate the mass effect u, that is, the relative difference in mobility divided 
by the relative difference in mass, » = (Ab/b/Am/m). I found that p = 
—0.05 for RbNO; and » = —0.06 for LiNO;. The latter figure cannot be 
given much significance, but it supports recent measurements (Lundén, 
unpublished work) indicating that the mass effect for Li in LiNO; might 
be somewhat higher than —0.050, the value that was first reported.” 
It is surprising at first sight that the mass effect is higher for RbNO; than 
for KNO; ,”’ where » = —0.035, but the latter value was determined in a 
pure salt, while in the present work the RbNO; was mixed with LiNO;. 
It is not unlikely that the mass effect is higher in this mixture than in the 
pure salt, an observation similar to that found by Klemm and Monse for 
LiCl in PbCl,.” Mangalo et al.* have studied the electromigration at 
350° C. of Rb ions in a strip of asbestos impregnated with NaNO; . They 
reported a relative difference in mobility of 0.0012 (and a mass effect of 
0.05) where, however, the reference frame is the asbestos and not the anions 
as in the present experiment; if the latter reference frame were to be chosen, 
the recalculated entities would be slightly smaller.” The agreement be- 
tween the present experiment and the measurement on asbestos is about as 
good as could be expected with the experimental accuracy, considering that 
the experiments were carried out at different temperatures, that the rubid- 
ium ions migrated in different media, and that their concentration was not 
the same. 

Summary 


Applying Klemm’s method” for studying electromigration, the molten 
salt chain cathode-LiNO;-RbNO;-anode was electrolyzed for 107 hours at 
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450° C. with a current density in the separation column of 3.5 amp./em’. 
The boundary between the two nitrates was not sharp; after the run both 
main compounds were present in all samples, together with various amounts 
of the impurities NaNO; , KNO;, and CsNO;. The experiment was de- 
signed for studying the enrichment of Rb® relative to Rb”; the abundance 
ratio Rb” /Rb™ was increased from 2.62 to 3.21. The teers process 
separation factor, which is equal to the relative difference in mobility for 
the two ions, was 0.0011. The result is compared with isotope effects found 
in other mixtures and in pure salts. In addition, the isotope abundance 
ratios Li’/Li® and K*/K™* and the concentration ratios K/Rb, Cs/Rb, and 
Na/ Li were measured, and their significance for mobility measurements 
are discussed. 
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INTERIONIC FRICTION COEFFICIENTS IN MOLTEN SALTS 


Richard W. Laity 


Frick Chemical Laboratory, Princeton University, Princeton, N.J. 


The general formulation for the description of electric and mass-transport 
phenomena that I have described recently’ permits the recasting of con- 
ductivity, diffusion, and transference data for electrolytic systems into a 
formalism in which a single type of rate constant suffices to characterize 
the results of all such experiments. This quantity has been called a fric- 
tion coefficient. It is defined for a system composed of N distinct ionic 
and/or neutral species by the relations 


N 
K; = —(Vui + 2zPVb) = dora Xe(v; — %) (C= 1,2,...,N—1) (1) 
k=1 


ik = Vri Caer) (2) 


Here the negative gradient of the electrochemical potential of the 7th species 
—V(u; + 2), which may be called the thermodynamic force K; on com- 
- ponent 7, is equated to a sum of terms that are linear in the velocity (v; — 
v,) of 7 relative to each of the other species k. This sum may be called the 

frictional force on species 7. It is characterized by the set of friction co- 
- efficients ri, , the dimensions and magnitudes of which are partially deter- 
mined by the choice of units for the concentrations X;. In the present 
work friction coefficients for various types of molten-salt systems will be 
calculated from available transport data by considering the melts to be 
composed only of simple ionic species and expressing the X; as mole frac- 
tions of these ions. The principal objective in examining the results of 
these computations will be to determine the extent to which a knowledge 
of the interionic friction coefficients provides useful insight into the nature 
of transport processes in molten-salt systems. 

Before choosing the units in which to express an interionic friction co- 
efficient it may be instructive to consider the physical significance of this 
quantity in a conceptually simple situation. Suppose that the forces 
(diffusional and electric) in a system composed of NV different ionic species 
are chosen in such a way that, within a region sufficiently small that each 
species k may be assigned a concentration X; , all of the (N = 1) species 
k # j have the same velocity (v. — v;) relative to the particular species j. 
Let 7 be a particular member of the group, so that 1 = OTOr bs): 
From EQUATION 1 it is seen that the friction coefficient r;; is equal to the 
total force per unit concentration of 7 that must be exerted on each mole 
of species 7 (within the region under consideration ) in order to a 
unit velocity of 7 relative to7. The reciprocal relation (BQUATION 2) shows 
that. this is identical in magnitude to the force per unit concentration of 7 
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that must be exerted on each mole of j when the roles of 7 and j are reversed. — 
These quantities are, of course, all macroscopic and thus represent only the 
net motions of the species under consideration rather than the detailed — 
molecular and ionie movements. To the extent that the species chosen as — 
components correspond to the microscopic entities of transport, however, ~ 
it may be useful to think of the quantity 1/r;; as a measure of the mobility : 
that ion 7 would have in a “solvent” of pure j in which the 7 ions offered the : 
same hydrodynamic resistance to transport of 7 ions as in the system under ~ ; 
consideration. 

The conductivity data used in calculating the r;; for electrolytes are 
normally expressed in electric units, yielding friction coefficients with the 
dimensions ohm coulomb’ em.” mole, which are equivalent to joule sec. 
em. mole. The latter units also arise naturally in the calculation of © 
friction coefficients from diffusion coefficients when the gas constant is 
expressed in joules deg.‘ mole’. For convenience in relating them to the 
more familiar rate constants, therefore, the r;; will be expressed in these 
units here. In C.G.S. units the friction coefficients would have the dimen- 
sions gram see. ‘ mole’, the conversion factor being 1.0 X 10’. 


Pee tt Bim 


Pure Salis 


The equations relating the interionic friction coefficients in pure binary 
molten salts to measured transport quantities can be shown to be: 


ll goa nga am ay 


ere Lie Re, (3) 
fn 1 | Get = )er ars | (4) 
and 
1 
—— x en teres _ zr, | (5) 


In these equations the subscripts + and — refer to the cationic and anionic 
species, respectively, the z; being the absolute values of their charges. 
The equivalent conductance A is that computed from the measured specific 
conductance on the assumption of complete ionization, that is, A = xE/d, 
where E is the equivalent weight and d the density of the molten salt. 
The self-diffusion coefficients D;; are taken to be equivalent to the appro- 
priate tracer-diffusion coefficients in cases where isotope effects can be 
neglected. The quantities R, T, and F have their usual significance. _ 
The interionie friction coefficients calculated from these equations for a 
number of pure molten salts are presented in TABLE 1, together with the 
transport data used in the calculations. All the salts for which both 
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conductance and self-diffusion data are available have been included,* as 
well as a number of representative examples for which only the former 
type of data have been reported. The value of r,_ could have been added 
for many more salts, since a wealth of information on conductivity and 
bensity is to be found in the literature. Convenient sources of such ma- 
terial, in addition to those figures most recently reported in the periodical 
literature, are the compilations in Conway’s Electrochemical Data’ (1952) 
and, for the older literature, a review by Biltz and Klemm? (1926). The 
salts for which only r;_ has been tabulated here were selected on the basis 
of relevance to the discussion that follows. Transport data on pure water 
are included for the same reason. 

The reliability of the conductivity and density data generally warrants 
recording at least as many significant figures as are shown for the equivalent 
conductances, standard techniques having been carefully employed in most 
cases. ‘The one questionable figure is that quoted for the conductance of 
zinc bromide. Although many of the conductivity values reported by 
Graetz’ in 1890 subsequently have been shown to be in error, no other 
results seem to have been reported for this salt. From the fact that 
Graetz’ values for zine chloride, a salt with similar physical properties, 
were much too large, we may speculate that the conductance of zinc bro- 
mide listed here is more likely to be too large than too smallt (Graetz 
also reported high values for lead chloride, but his figures for cadmium 
chloride were too small and those for potassium nitrate about right, so 
that his errors were not systematic). The accuracy of A in each case de- 
termines the accuracy of the figure listed for r+_. 

All the self-diffusion coefficients listed were obtained in isotope-diffusion 
experiments employing the open-end capillary technique’ (with the prob- 
able exception of D,., in lead chloride, for which the method was not stated 
in the literature source used here’). This method is subject to a possible 
error due to convectional mixing of the solutions, especially when a high 
stirring rate is employed, that gives high results for D. While it is not 
possible to estimate the magnitude of this error, if present, in each of the 
cases cited here, it has been shown to amount to as much as 4 per cent in 
some of the self-diffusion measurements in aqueous sodium chloride.’* 
An error of this magnitude would be comparable to the random fluctuations 
ree oP emere can th thelr pare molten uitvates lave 
been determined at the Oak Ridge National Laboratory, Oak Ridge, Tenn., 
the sodium nitrate data listed here being the only results thus far reported in the 
literature. (Added since the conference at which this paper was presented.) 

+ At the conference on which this monograph is based, E. H. Crook disclosed that 
he had recently redetermined the conductivity of molten zine bromide in J. O’M. 
Bockris’ laboratory at the University of Pennsylvania, Philadelphia, Pa. The value 
of A calculated from Crook’s result at 460° C. is 1.7, confirming the fact that the figure 


reported in TABLE | is too high. The value of r,- based on the new result is 170 X 
108, while the corresponding figure for r+ 1s —190 X 108. 
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encountered in some of the molten-salt work. The effect of these random 
errors has been minimized here by interpolating or extrapolating from 
conventional log D versus 1/T plots, using the best straight line through 
experimental points. Uncertainties remain, however, which are particu- 
larly important in the cation self-diffusion coefficients in NaCl, PbCk , and 
TICI, as well as the anion self-diffusion coefficient for the latter. Here the 
reliably significant figures are lost in the subtractions in EQUATIONS 4 and 
5, so that errors in the calculated like-ion friction coefficients r,, and r__— 


TABLE 1 
Some InterRIonic FRIcTION COEFFICIENTS IN PurE MoutTen SATs 


“i le tle | fle} ele 
as ry 8 Q | 10% rs} 10S ry, 104: 75 aS Als |s\5 
Salt Se gt ) S xls =~ =|~| Reference 
Sats 28 
5 cj © |(cm.? sec.) (joule sec. cm. mole) (kcal. mole) 
LiCl 800) 198 0.94 2.0 
NaCl 800) 135 12.3 |5.5 1.38 0.1 1.9 2.8/(<0)/9.4] 9, 10 
KCl 800} 110 1.69 3.5 8) 
KI 800) 108 1.72 3.5 9 
MgCl, /|800} 35 8.0 4.0 12, 24, 
5 
CaCl. |800} 57 4.9 4.7 12, 24, 
YCl; 800) 16 8.6 3 
TICl 550} 68 4.6 |5.3 2d 0.2 —0.1 3.3](<0) 3, 26, 
20 
PbCl, {575} 53 2.0 5.3 0.0 4.2 3, 28 
ZnCl» 460 1.4 18 3 
ZnBr2 {460 3* 0.13 80* —30* 11+ 4, 25, 
yee ae ~<078 1X 108 9 
a 3 |830} 48 2.03}1.29 3.9 ha 3.9 3.2] 4.9 |4. 
AgNO; [330) 52 3.6 2.7 vote 
H.O 25/5 X 10-7| 2.6 |2.6 16 X 108-3 X 108|—12 x 108] 9.5 30, 31 


* See footnote to page 999. 
t See footnote to page 1004. 


may amount to more than 100 per cent in these cases. By contrast, a 4 
per cent (too high) error in the value of D4 for sodium nitrate would give 
only a 19 per cent error in the value of r4,. Thus, it is seen that, in 
general, the figures for the like-ion friction coefficients listed in TABLE 1 
are much less reliable than those for the r,._. 

Hach of the interionic friction coefficients listed in the table applies only 
to the particular salt at the temperature indicated and a pressure of about 
1 atmosphere. Before further consideration of the significance of these 
figures is undertaken, therefore, the effects of experimental variables must 
be examined. 

Size of the thermodynamic force. This effect has already been discussed 
briefly.’ It was pointed out that the application of an unusually large 
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force such as an electric potential gradient would probably cause a break- 
down of the linear relations between forces and fluxes. Such an observation 
has long been known in the case of aqueous electrolytes (Wien effect), but 
analogous experiments have not, to my knowledge, been reported for molten 
salts. A qualitative estimate of the relative importance of such effects at 
high temperatures may be obtained from the equations applied by Eyring 
and his co-workers” to a simple model for ionic migration. The treatment 
assumes that therandom thermal motion of a given ion may be broken down 
into a sequence of jumps over the energy barriers between successive posi- 
tions of minimum potential energy. Application of an electric field V¢ 
reduces the energy of successive minima in the direction of the field by the 
amount \zeV¢, where ze is the charge on the ion and \ the distance between 
minima. Letting a equal the fraction of this distance, an ion moving with 
the field must travel to reach the top of the energy barrier, J; the ion flux in 
this (forward) direction, and J, the ion flux in the opposite direction 
(against the field), the net ion flux is shown to be 


fe ip NK (Le) (6) 
- Here w = dzeV9, c is the concentration of theion, K the specific rate in the 
absence of the field, and NV, k, and 7 have their usual significance. The 


series expansions of the two exponential terms show that if w is small com- 
pared with k7', EQUATION 6 becomes 


1) NcKN Vo 
= — —— oe 7 
Dike NrvAcK (3) kT ( ) 
Thus, if \ is assumed to be independent of V¢, a linear equation of the type 
1, = CiVé (8) 


can be written for each ion in a system of fixed composition and tempera- 

ture. Although this oversimplified treatment fails to take account of the 
interference between moving species (the derivation thus leading eventually 
to the Nernst-Einstein relation’), it provides a basis for consideration of the 
effect of temperature on the validity of the linear laws. It was seen. that 
the necessary assumption in the derivation of EQUATION 7 from HQUATION 6 
was that w (and hence ew) is small compared with kT. Fora univalent, 
ion ina potential gradient of 1 volt, em. at 300° K. the value of w/ kT is 
about 10 °, taking to be of the order of molecular dimensions. While 
the assumption would clearly be justified in this case, the linear dependence 
of w on the size Vé shows why the approximation gradually becomes less 
valid as the field strength is increased. 

From the preceding discussion it is seen that an increase in T favors the 
assumption upon which the linearity of the relations between forees and 
fluxes depends. The high temperatures of molten salts thus sure the 
likelihood that friction coefficients (which are the proportionality “con- 
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stants”) will be independent of applied forces of normal magnitudes in 
these systems. In physical terms we may say that the linear relations 
depend upon the assumption that such forces superimpose only a small 
disturbance or “drift”? on the random thermal motion of the ion, so that 
increasing its thermal motion favors the applicability of the assumption. 
Although extensive experimental tests of these relations have not been 
carried out in molten salts, the measurement of conductance itself implies 
the validity of Ohm’s law, which is the sum of the relations (EQUATION 8) 
for the ions in the system. Constancy of the individual rate “constants” 
in systems of more than two ions could be checked by varying the field 
strength at which transference experiments are carried out. There is little 
reason to believe an effect would be observed, however, since the energy 
changes over the distance \ due to interference between moving ions are also 
small compared with kT. 

Temperature. It has been found that in many cases the temperature 
dependence of A in molten salts can be described by a relation of the 
type 


hot Ade ee (9) 


where the quantities A and E* are nearly independent of temperature. An 
equation of this form for the conductance of each ion has been justified both 
experimentally and theoretically for the case of ionic crystals. It follows 
directly from the Eyring approach described above, when the specific rate 
constant is broken up into the product 


K = (kT/h)e *?"/** (10) 


where the “free energy of activation” AF* is related to the experimental — 
“activation energy” H* by 


AF* = AH* — TAS* & E* — TAS* (11) 


Here E* represents the height of the potential energy barrier that an ion — 
must traverse in passing between positions of relative stability. If the — 
barrier heights are not too different for different ions in the same system, 
EQUATION 9 may still hold approximately, the value of E* depending on 
both the #*; and the A; for each ion when their mobilities are of comparable 
magnitude.” 

An important feature of such microscopic theories is the inclusion in the 
system of a reference entity that might be called the “medium” relative to 
which the ionic motions are described. In the ease of ionic crystals the 
medium is the crystal lattice that is defined by the large number of ions 
occupying fixed lattice sites at any instant. The structures of liquid salts 
are less well defined, but the view that even here relatively few of the ions 
at a given instant have the necessary activation energy for translational 
motion gives content to the notion of a “medium” consisting of those ions 
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whose motions may be described as entirely vibrational. In the paper 
_ setting forth the approach upon which the present work is based,’ I pointed 
out that the macroscopic treatment of a pure binary salt could be made to 
conform to either a Type I or a Type II model. Type I refers to a system 
composed only of 2 ionic species, while the Type II system contains also a 
third “component” that would be identified here with the medium. In the 
limiting case where the ions having translational motion constitute an ex- 
tremely dilute “solution” in this medium, it was shown that the friction 
coefficients of the ions against the medium could be determined by means 
of self-diffusion experiments. By comparison with the density of current 
carriers in pure water, for which the “solution” ¢s sufficiently dilute, the 
“sdlution” of mobile ions in solid crystals was seen to be susceptible to this 
treatment, a conclusion that the applicability of the Nernst-Einstein rela- 
tion has supported experimentally, The treatment of a pure salt in which 
the carrier density is too large to ignore interference between the moving 
ions, for example, a molten salt (presumably), was not, however, elabo- 
rated for the Type II model. In the following paragraph I show why such 
an extension cannot be carried out profitably, the usefulness of this model 
for pure substances being limited to cases where only the ion-medium fric- 
tion coefficients are important in determining transport properties. 

Three independent friction coefficients are needed to characterize the 
transport properties of a Type II electrolyte, corresponding to the inter- 
actions of each of the ions with the medium and with each other. How- 
ever, only one experiment can be performed, the measurement of con- 
ductance (not counting self-diffusion measurements, each of which involves 
a new friction coefficient—that of the ion against its own kind—and thus 
does not contribute a solution to the problem). Clearly, it would be neces- 
sary to define two additional independent transport experiments to permit 
a determination of all 3 friction coefficients. In an aqueous solution of a 
binary salt, where the medium is a chemically different entity (water), the 
required experiments are the measurements of transference numbers rela- 
tive to the medium, and of salt-medium interdiffusion coefficients. Molten- 
salt. ‘‘transference-number’”’ experiments in which a porous plug serves as 
reference” thus represent an attempt to obtain some of the necessary data. 
Some workers have questioned the ability of such experiments to yield the 
desired information.""” Whether or not the motion of the porous plug may 
be identified validly with that of the medium, however, it is clear that at 
least one more experiment is needed to obtain the necessary parameters for 
the Type II treatment. No analogue of the interdiffusion experiment is 
possible in a pure substance. 

The Type II model for a pure molten salt appears admirably suited to 
treatment by the Eyring rate theory. We have seen, however, that, the 
necessary parameters for such a treatment, while conceptually unambigu- 
ous, have not yet been operationally defined. Rather than pursue this 
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model further, therefore, I have chosen in the present work to concentrate 
on the well-defined rate constants obtained in the Type I treatment in the 
hope that the results may suggest alternative microscopic approaches. My 
viewpoint will thus be largely empirical. 

Since r,_ is inversely proportional to A (HQUATION 3) it follows that the 
temperature dependence of r;— is also described by a simple exponential 
relationship in most fused salts. The slope of R In r,_ versus 1/7 for any 
salt is seen to be identical in magnitude but opposite in sign to that of the 
plot from which the “activation energy” for A is usually determined. The 
positive values of this slope in keal./mole have been included for each of 
the salts listed in TABLE 1.* 

In view of the simple empirical relation between r,— and temperature in 
pure molten salts, it is of interest to test whether ‘similar relations hold for 
the like-ion coefficients r,, and r__ in these melts. From EQUATIONS 4 
and 5 it appears that temperature dependences of this form would not be 
obvious consequences of the exponential relations for A and the D;; in the 
(usual) case where the two terms on the right are of comparable magnitude 
in each equation. 

Those data which are sufficiently reliable to be used in this test, however, 
indicate that relations of the type 


, = Be (12) 


may prove to be generally adequate to describe the temperature de- 
pendence of all interionic friction coefficients in pure salts. This includes, 
in addition to the wealth of r,_ data already noted, the results for r_ _ in 
molten NaCl and in NaNO; , as well as those for 7,4 in the latter melt. 
Figure | showssemilogarithmic plots of r versus 1/7 based on experimental 
data’””” for each of the three friction coefficients in sodium nitrate. Values 
of the empirical constant C in EQUATION 12 based on the slopes of these 
straight lines are reported in TABLE 1, together with similarly obtained 
results for the other salts. The extreme uncertainty of the values for r4.4 
in sodium and thallium chlorides ‘makes a plot of this type relatively 
meaningless. Nevertheless, I have récorded the qualitative result that the 
slopes in each of these cases seem to be negative. No figure is reported 
for the slope of r+; or r__ in water, nor for r44 in zine bromide, since the 
logarithm of a negative number is undefined. The data employed in the 
calculation of r,4 in PbCl; and of r_ _ in TICl were each available only for 
the one temperature listed. 

Pressure. ‘This factor has been included in the discussion only because 
it is an experimental variable. No data have been reported, however, with 

* 
cousidgratio burvavare’ the slane ek e0CC: Bakie IA eee eee 


with increasing temperature. (Added since the conference at which this paper was 
presented.) 
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which to calculate its effect on the friction coefficients. Qualitatively, we 
may say that small pressure variations have a relatively insignificant effect, 
since otherwise the transport data in which this factor has not been con- 
trolled would exhibit greater fluctuations. It would nevertheless be sur- 
prising if marked increases in the values of the friction coefficients were 
not observed under conditions of extremely high pressure. 

Having completed a review of the effect of external conditions on inter- 
ionic friction coefficients in pure molten salts, we may consider the possible 
correlations of the experimental values listed in TABLE 1 with known 
properties of the constituent ions of these melts, such as charge and size. 
Such a comparison can be meaningful, however, only if the simple ions for 


* 


1.55 1.65 1.75 
1OoYT 


Ficure 1. Interionic friction coefficients in molten sodium nitrate. 


which the friction coefficients have been calculated move as discrete entities 
in the elementary steps of the processes under consideration. When 
transport of associated aggregates occurs such as the diffusion of H0 mole- 
cules during self-diffusion of the ions in pure water, friction coefficients cal- 
culated on the assumption of complete ionization are of little value except 
as indicators of this fact. In examining the tabulated data, therefore, we 
should first consider whether they provide evidence of incomplete dissocia- 
tion in any of the pure salts listed. . 
Extent of association. Although positive (for example, spectrographic ) 
evidence for the existence of associated complexes in certain molten salt mix- 
tures has been reported, the concept of ionic association in pure binary 
salts, where each ion is closely surrounded by the only species present of the 
opposite charge, remains poorly defined. The cohesive forces that pias 
be present in the liquid provide an indisputable basis for the statement that 
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all the ions in a molten salt are associated with their neighbors in the same 
sense that they are associated in ionic crystals. In the study of transport 
processes, however, we are concerned only with those ions undergoing — 
translational motion relative to their environment, and whether they move 
singly or in groups of two or more. A criterion for the presence of associa- 
tion of this type between the oppositely charged ions in a pure liquid has 
been proposed from a simple consideration of the interionic friction coeffi- 
cients.’ It is the occurrence of negative values for the like-ion coefficients, 
illustrated in TABLE 1 for the case of pure water treated in the calculations 
as a purely ionic substance. 

It will be seen that only one of the fused salts for which like-ion friction 
coefficients are listed in the table gives definite evidence of association (the 
negative value of r_ — in TICl is within the experimental error of being zero 
or positive). The associated salt is zinc bromide for which, as indicated 
earlier, the conductivity data are least reliable. It was pointed out, how- 
ever, that the value reported for the conductance, if in error, was more 
likely to be high than low, which seems consistent with the fact that, as it 
stands, it is twice as great as the corresponding (correct) figure for zine 
chloride at the same temperature. If the true conductance of zinc bromide 
is actually lower than the value used in the present calculations, this will 
serve only to make the calculated value of r4, more negative. It should 
be noted also that the change in r;, with temperature, which is not indi- 
cated in the table, was found to be such that this friction coefficient becomes 
even more negative as the temperature is increased, which is contrary to 
the behavior of 7,4 in water.* It is worthwhile at this point to consider 
the effect of temperature in associated systems. 

When transport data for a highly associated system such as pure water 
are inserted into EQUATION 4, the value of r,_ is so large that the first term 
on the right is negligible by comparison with the second, which gives r+, = 
—(z;/z_)r;_. The temperature dependence of r,, is thus proportional 
to the negative of that for r;_. I have already shown how the Eyring 
approach relates the temperature dependence of r;— in completely disso- 
ciated systems to the “activation energy for ionic migration.” In asso- 
ciated substances the enhanced concentration of ions due to increase of 
dissociation with increasing temperature is also an important factor. The 
plot of R In A versus 1/T7' will nevertheless exhibit the usual linear behavior, 
since the temperature dependence of the dissociation constant is of the same 
functional form (van’t Hoff equation). From the fact that conductance 
depends on the product of concentration times mobility, it is clear that the 
slope of such a graph may be considered to represent the sum of two terms: 
one for the heat of dissociation into ions and one for their activation 


* When the new conductance figures for ZnBr» (see second footnote to page 999) are 
used to calculate r,, this result is reversed; that is, its value becomes fens negative 
withincreasing temperature. It nevertheless remains negative all the way to the boil- 
ing point of the salt. (Added since the conference at which this paper was presented.) 
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energy. When the principal dissociation is that of a neutral molecule into 
two ions, it is easy to show that the former term is actually equal to one half 
the value of AH for the dissociation reaction in weakly ionized liquids. 
Thus, in the case of pure water, each of the two energies may be evaluated 
separately from known data. The heat of dissociation is, of course, 13.6 
keal., while the “activation energy” is found to be 2.7 keal., so that more 
than two thirds of the value for the slope of R In ry_ versus 1/T listed in 
TABLE | is due to dissociation (or “ionization’’) of water molecules. In 
the case of zinc bromide the two terms in EQuATION 4 are found to be of 
comparable magnitudes, so that the temperature dependence of the first 
term also becomes important. This term decreases even faster than that 
containing r;_ , giving rise to the decrease in their difference as the tem- 
perature is raised. In view of our criterion, this increase in the negative 
value of r,; may appear to represent an anomolous increase in the degree 
of association with increasing temperature, an effect that might be inter- 
preted as proof of the inaccuracy of the data. Since a result of this type 
may be given a reasonable physical interpretation in terms of rate theory, 
however, it is worthy of further consideration.* 

The view that association occurs in molten zinc halides is not new, being 
indicated qualitatively by their high viscosities and low conductivities, as 
well as by the strong temperature dependence of these quantities. Thus, 
the fulfillment. of our criterion for association in ZnBr2 is not unexpected, 
although it would be more gratifying if the data were more reliable. By 
comparison of r_ in this salt with the corresponding figure for an extremely 
associated salt like AlBr; , however, it is apparent that the concentration of 
ions in the former must be very much greater. ‘The ionic concentrations 
in ZnBr2 may still be small, however, in comparison with that of the mole- 
cules (or whatever the larger aggregates may be). ‘Transport of both ions 
and molecules may thus be important in self-diffusion experiments, even 
though diffusion of the latter would presumably require a much larger 
activation energy due to their greater size. An increase in temperature 
would thus favor transport by molecules, an effect that would outweigh 
that due to increased dissociation, provided the activation energy for 
transport of molecules was greater than the sum of their heat of dissocia- 
tion and the activation energy for ionic transport. Such an effect would 
account for the observed temperature dependence of r,4 noted above. 
We see that the increasing negative value with temperature can be inter- 
preted as signifying greater applicability of our criterion for association as 
the extent of transport by the associated entities increases. 

The “association” of positive and negative ions in molten salts has been 
rt ator zaivacotoomes tiaei008) gualethg atielinlione 

‘tion of “‘anomalous’’ behavior unnecessary for this salt, the discussion shows why 


; ior in: sidered self-contradictory. 
observations of such behavior in any salt need not be consi 
(Added since the conference at which this paper was presented.) 
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discussed here in terms of stoichiometric entities, such as molecules and 
complex ions. In a broader sense, however, the term association applies 
to any type of coupling between the fluxes of oppositely charged species 
which would be reflected in a negative like-ion friction coefficient. The 
possibility that zinc bromide exhibits simply an extreme manifestation of a 
phenomenon present to some extent in all molten salts cannot be ruled out 
by the data. A better-defined criterion than the negative friction co- 
efficient will be necessary to establish transport by stoichiometric aggre- 
gates. A discussion of the zine bromide friction coefficients in terms of the 
properties of Zn*” and Br , on the other hand, does not seem to be war- 
ranted by our limited data. 

In view of the stability of the nitrate ion, it is reasonable to include ni- 
trates on our list of binary salts. The values of the friction coefficients 
found when sodium nitrate is considered in this way give no indication of 
additional association in this melt, that is, association of sodium ion with 
nitrate. Although self-diffusion data for silver nitrate are not available, it 
appears likely, by comparison of r;— with the corresponding figure for so- 
dium nitrate, that silver and nitrate ions alone are responsible for transport 
in this salt. 

The like-ion friction coefficients reported in TABLE 1 are similarly con- 
sistent with the view that only simple ions are the moving entities in sodium, 
thallium, and lead chlorides. Again using the magnitude of r,_ as a quali- 
tative indicator of association. in cases where self-diffusion data are un- 
available, it seems reasonable to discuss the transport properties of the 
following halides in terms of simple ions only: LiCl, NaCl, KCl, KI, TICI, 
MgCl, , CaCl, , and PbCl,. The case of YCl; is ambiguous. By compari- 
son with ZnBr2 , however, moderate association of some sort is definitely 
indicated for ZnCl, , while the ions of molten AlBr; appear to be almost 
completely associated. These classifications of the salts in TaBLE 1 provide 
a basis for subsequent discussion of the possible correlations of their 
interionic friction coefficients with known properties of the constituent 
ions. 

Tonic charge. From Equation 3 it will be noted that a comparison of 
the values of r;— for 2 salts of the same charge type is equivalent to a com- 
parison of their conductances. When salts of different charge type are 
compared, however, this statement is true only if the sum (zy + z_) is the 
same for both salts. By inclusion of this charge-dependent term, the fric- 
tion coefficient r,— affords a better basis for comparison of salts than the 
equivalent conductance. This is because the latter rate constant fails to 
take account of the fact that the electric force on an ion depends on its own 
charge, as well as on the strength of the applied field. Comparing the 
mobilities of two differently charged ions under the same potential gradient 
is thus different from comparing their velocities under the same applied 
force. This factor has been recognized in the definition of the friction co- 
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efficients (EQUATION 1), with a resulting effect on their magnitudes, which 
may be seen by comparing the figures for A in TABLE 1 with the correspond- 
ing figures for r;_. Comparing alkali and alkaline earth chlorides at the 
same temperature, for example, the qualitative generalization that increas- 
ing the charge of the cation is accompanied by a decrease in the relative 
mobilities of cation and anion is found to be strengthened by taking account 
of the charge factor in calculating the friction coefficient. 

The increase in 7;_ with increasing ionic charge seems to be a general 
rule, even when ionic association is not involved. Since unusually small 
conductances have not been found for the molten halides of any univalent 
cations (including Ag* and Cu‘, which are not tabulated), the figures for 
ZnBr2 and AlBr; show that increasing cationic charge also increases the 
likelihood of association. 

The preceding facts about r,— are well known in terms of conductivity 
results, since the inclusion of the specific charge factor noted above alters 
the quantitative results but not the qualitative conclusions. It would 
therefore be of greater interest in the present work to consider the effect of 
charge on the like-ion friction coefficients. The case of r,, in ZnBr2 has 
already been discussed in terms of its implication of association. The 
more “‘normal” value of 7,4, in PbCl, demonstrates that the former result 
was not solely a consequence of the double charge on the cation. As for 
the effect of magnitude of charge on r+ in unassociated salts, however, it 
is impossible to draw any quantitative conclusions for the molten halides 
since, in all cases listed, the size of this coefficient is so small as to be al- 
most undetectable in self-diffusion experiments. 

We can, of course, consider the effect of the sign of the charge by com- 
paring the friction coefficients for different pairs of ions (of like or opposite 
charge) in the same melt. This will be done in the following section. 

Tonic size and shape. In considering the effect of ionic size and shape on 
the values of r;_—, we are again dealing with comparisons that have been 
discussed already many times in terms of equivalent conductances. Thus, 
it would be overly repetitious to give more than a brief resume of the ob- 
servations. For the completely dissociated salts the following facts stand 
out: 

(1) In melts consisting of spherically symmetrical alkali and halide ions, 
increasing the size of the former increases the value of r;_ , while @ cor- 
responding increase in the latter has a relatively smaller effect on this fric- 
tion coefficient. This is usually explained by asserting that conductivity 
in these melts must be largely cationic. The rule regarding cation size does 
not hold for the alkaline earth halides, where the higher charge density on 
this ion might be expected to bind it more tightly to its immediate environ- 
ment. : 

(2) Salts with spherically symmetrical cations whose electronic struc- 
tures are more easily distorted (polarizable) than alkali metal ions of the 
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same size (or even considerably smaller) exhibit. smaller values of r4— 
than the corresponding alkali metal salts. This is illustrated in TABLE 1 
for the case of silver nitrate versus sodium nitrate, sodium ion having a 
smaller crystal radius than the more polarizable silver ion. 

(3) Changing the shape of the anion from its spherical symmetry in the 
halides to the relatively flatter and broader nitrate ion does not produce a 
very marked effect on r,— in alkali metal salts. This may be seen quali- 
tatively from the figures for NaCl and NaNO; in TABLE 1, even though they 
are reported for very different temperatures. Note particularly the simi- 
larity in the temperature dependence of r_. 

We may now compare the results found for the like-ion coefficients with 
the corresponding cation-anion coefficients. The following observations 
appear significant: 

(1) The value of r,4 in every case is markedly smaller than r,_ for the 
same salt. In some halides this value is so small that its magnitude cannot 
be detected in the self-diffusion experiment. In such cases the combined 
form of EQUATIONS (3) and (4), which may be written* 


24 D445 a A (1 ee sett) (13) 


bt ee 


reduces to an expression identical with the Nernst-Einstein relation, except 
that here D,, is related to the total equivalent conductance of the salt, 
rather than to a hypothetical single-ion conductance. No such relation 
holds for D,, in sodium nitrate, however, since ri, and r,_ are of com- 
parable magnitude. 

(2) The value of r__ in molten TICI is so small compared to r;— that 
Nernst-Einstein-type relations are approximated by both the ions in this 
salt. 

(3) Those like-ion coefficients whose magnitudes are large enough to be 
measurably significant compared with the values of r;_ in the same salts 
invariably become less important relative to the latter coefficient as tem- 
perature is increased. This may be seen for sodium nitrate in FIGURE Lf 
and follows from the temperature dependences in TABLE 1 for r__ in NaCl. 

It is worthwhile to consider the physical significance of these facts in the 
light of the results found for like-ion friction coefficients in crystalline salts. 
The Nernst-Einstein relation normally applies only to one of the ions (the 
smaller) in a binary solid salt, the like-ion coefficient for the other species 
being orders of magnitude larger than r,_. This result merely reflects the 
fact that passage of the smaller ion between successive potential energy 
minima along the lattice is relatively uninfluenced by the more distant ions 
of its own kind. The larger ions, on the other hand, play a more important 

* The exponent (—1) was inadvertently omitted from this equation in the in- 


troductory paper,! as well as from the corresponding equation for D__. These were 
Equations (24a and 246) in that publication. 


a 
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role in defining the lattice structure, and thus find motion relative to one 
another more difficult. 

It is apparent from the molten salt, results just listed that the process of 
fusion produces major changes in the nature of ionic transport. These 
changes presumably reflect the fundamental differences between the solid 
and liquid states, which include both the absence of long-range order and 
the greatly increased population of highly energetic ions undergoing trans- 
lational motion in the liquid as compared with the solid. The observa- 
tions we have just listed for molten salt friction coefficients may be re- 
examined in the light of these differences: 

(1) Although the like-ion coefficients for the smaller cations are smaller 
than the corresponding r,_, thus giving a superficial resemblance to 
erystals by approximate adherence to the Nernst-Einstein relation, it is of 
greater significance that these two types of friction coefficient are of much 
more nearly the same magnitude in the liquids, as is demonstrated especially 
by r++ in sodium nitrate. This is consistent with the existence of a much 
higher density of moving ions in the liquid, which must involve greatly 
increased interference between their motions. 

(2) The motions of the larger anions, on the other hand, are relatively 
less restricted by neighboring anions in the liquid, since the latter are 
second-nearest neighbors and thus already at a distance where the entire 
array has begun to loose the highly ordered structure of a crystal lattice. 

(3) As the temperature is raised the liquid structure becomes still more 
random. Even the hindrance to motion of a cation by ions of its own kind 
becomes less important in comparison with that due to anions, since the 
latter constitute its immediate coordination sphere. 

Ionic mass. The use of isotopes permits the effect of ionic mass to be 
isolated for study more satisfactorily than other ionic properties. Since 
the masses of both cation and anion can be varied separately, the effect of 
2 types of variations on each of the 3 friction coefficients in a binary salt 
can be studied. In order to measure these effects one could in principle 
determine the effect of each change in isotopic mass on each of the 3 rate 
constants from which the friction coefficients are calculated. Such effects 
are so small, however, that they would be almost impossible to detect by 
means of a direct measurement. In fact, the tracer technique for measur- 
ing self-diffusion coefficients relies on these effects being negligibly small. 
The only practicable method, therefore, is to carry out experiments in which 
the 2 isotopes of interest are present simultaneously, so that their velocity 
difference under the same applied force can be measured. Since tracers are 
normally used in self-diffusion measurements in any case, at least 3 different 
isotopes of each ion are necessary to employ this technique in determining 
the 6 mass effects of interest. . 

Of the two types of differential-velocity (or isotope-enrichment ) experi- 
ments just mentioned, electromigration experiments are the only kind for 
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which results have been reported in the literature. These have been car- 
ried out principally by Klemm, Lundén, and their co-workers,’ who have 
found for many salts that electrolysis of melts provides a considerably more | 
efficient method of isotope separation than the same experiment in aqueous 
solutions. This result is attributed to the fact that the elementary unit of 
migration is the simple ion rather than a solvated or complexed species, so 
that the percentage of difference in mass between two such units involving 
different isotopes is maximized. These workers have reported their results 
in terms of the mass effect u, defined by 


= (Av/v)(m/Am) & dInv/dlnm (14) 


where v is the velocity of the ion of interest relative to the oppositely 
charged ion and m is the mass of the former ion. In order to find the 
effect of mass on the friction coefficient, therefore, we must first derive the 
relation of the latter to . To do this we follow the approach of Klemm™ 
in writing the phenomenological EQUATIONS | and 2 for a system composed 
of 3 ionic species (Type III electrolyte) in which the two cations differ only 
in isotopic mass. Equating the applied forces K; on the 2 cations and 
taking the limit as the difference in their velocities approaches zero leads to 


d In fo win (i, = 9.) (: me erst) Sake (1 4 zt) (15) 
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This relation shows that the effect of mass of the cation on the friction co- 
efficient r;— can be ascertained only when the value of the like-ion coeffi- 
cient r+, is known. The corresponding relation for the effect of anionic 
mass on r+_ is obtained by reversing the signs of all subscripts in EQUATION 
15, so that r_— must also be known to determine this mass effect. 

The values of p+ and »— in molten salts have been found to range from 
about —0.02 to —0.3.°. Since the factors (1 + (2;ri/27i;)) such as that 
on the right of Equation 15 will not, if consistent with available data 
(TABLE 1), change the order of magnitude of their product with y; , it fol- 
lows that a 1 per cent increase in the mass of either ion increases the value 
of r+_— by 0.02 to 0.3 per cent. Mass effects on interionic friction coefficients 
are thus seen to be relatively small in comparison with the effects discussed 
in previous sections. 

Before leaving this topic it is of interest to mention an empirical correla- 
tion which Klemm” and others’ have observed among a large number of 
the mass effects they have determined. This correlation is based on the 
atomic weights m4 and m_ of both ionic constituents of the salt. It may 
be expressed by the equation: 


=y 
4 = —0.15 ( sr) (16) 


The applicability of this equation appears to be generally valid for the 
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cations in molten halides, as well as for Ag* in solid a-AgI. No such cor- 
relation was found possible in molten halides for the effect, of changes in 
anionic mass, however, nor was EQUATION 16 applicable to the cation mass 
effects in the 2 molten nitrates studied. These are LiNO; and KNO; , 
for which the calculated values are found to be much too small. Although 
the physical basis for this empirical relation is not yet understood, a study 
of the like-ion friction coefficients in TABLE 1 suggests a possible source of 
its failure in the cases indicated. With the exception of the questionable 
zinc bromide data, it is seen that r,, in all the molten halides for which it 
is known has a value very small compared to r+_. Thus, from EQUATION 
15 it is seen that a relation identical in form to EQUATION 16 must hold for 
the effect of mass on r;_ in these cases. If we assume that the small values 
of r++ are a general property of molten halides, then it would be equally 
valid to express the empirical relation in terms of either (v, — v_) orr;_. 
This is not true for the anions of the halides, however, since r_ — in NaCl is 
large. Nor would such an identity apply to the cations of molten nitrates, 
as we may see from the significant r,, in NaNO;. These observations 
indicate, therefore, that the importance of like-ion interactions may be 
responsible for the failure of EQUATION 15 in all those cases where it has 
been shown not to hold. They suggest further that a more general cor- 
relation might be based on the mass effects of r,— rather than of (v4 — v_). 


Molten Salt Mixtures 


The study of melts consisting of more than two ions provides an oppor- 
tunity to extend our understanding of interionic friction coefficients im- 
mensely. In addition to those quantities already discussed, coefficients 
descriptive of the interference between ions of different species with charges 
of the same sign can be determined; the effects of changing the third ion 
on the friction coefficient for the remaining pair can be observed; and it 
becomes possible to compare the coefficients for different pairs of oppositely 
charged ions in the same melt rather than to compare pure salts with each 
other. Finally, the important effect of changing concentration upon all 
the coefficients can be studied. 

It will be recalled that there are 6 independent friction coefficients in a 
3-ion melt (Type III electrolyte),’ corresponding to the interactions of each 
ion with each other ion and with itself. The 6 independent transport 
experiments by which these coefficients may be determined are well defined, 
including 3 measurements of self-diffusion, 1 of interdiffusion (along with 
the determination of required thermodynamic information), one of trans- 
ference numbers relative to an arbitrary reference, and 1 of equivalent con- 
ductance. It is necessary to perform all of the latter 3 measurements 
before any of the 6 coefficients can be calculated. In a paper developing 
the necessary relations,’ I pointed out that there was no molten salt mix- 
ture for which the results of all 3 required experiments had been published 
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at that time. Particularly conspicuous by their complete absence from the 
literature were the interdiffusion data for any system. The same situation 
exists at the time of the present writing, although steps are being taken in 
this laboratory to rectify it. In spite of the deficiency, however, it is 
possible to base a semiquantitative discussion of the concentration de- 
pendence of some interionic friction coefficients upon the partial experi- 
mental data available for certain 3-ion systems. 

A particularly fortunate result found in the transference number data for 
the silver nitrate-sodium nitrate system makes 2 of the friction coefficients 
very nearly assessable from available conductivity data. In the trans- 
ference experiment a parameter P is measured that is equal to 1 — 4 — 
Xj3t3 , where the subscripts refer to the ions, X,3; being the equivalent frac- 
tion of, say, silver nitrate, and ¢, and ¢; the transport numbers of Ag* and 
NO; relative to an arbitrary reference, for example, Na~ (P is independent 
of the reference chosen).” For a system composed of univalent ions P is 
related to the friction coefficients by’ 


Five, Xo3(T12 7 r13) 
Tie + Xisro3 + Xosris 


the subscript 2 referring here to the sodium ion. The important experi- 

mental observation is that P/ X23 is equal to unity over the entire concen- 

tration range, at least to within the accuracy of the measurements.” 

Substitution of this figure into EQUATION 17 yields the result that r:3 = 723 , 

regardless of the value of ry,. Now the equation relating the friction co- 

efficients to the equivalent conductance for a system of 3 univalent ions is’ 
A 2(r2 + Xisres + Xo3713) 


F2 e Xy3fi2%13 + Xo i273 + 113198 Ge) 


For the case r13 = 123 , however, EQUATION 18 reduces to 


(17) 


pray (19) 


so that these 2 friction coefficients can be calculated from equivalent con- 
ductance data alone at any concentration for which ry; = 723. The physical 
reason for this simplification is the following. The transference result 
P/X»3 = 1 reveals that the 2 cations move with the same velocity in an 
applied field.”’’’ Thus, they have no velocity relative to one another, so 
that the friction coefficient for their relative motion is immaterial. ‘By 
comparison with EQUATION 4, EQUATIONS 19 are seen to be identical to those 
for a 2-ion melt, since the transport properties of Ag* and Nat cannot be 
distinguished in this experiment. By finding the values of these 2 coeffi- 
cients exactly from just 2 experiments, we must sacrifice, of course, any 
knowledge whatever of the value of ry from these experiments, its value 
being determined completely by the interdiffusion coefficient. 


— 
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The experimental accuracy of the data for P in the silver nitrate-sodium 
nitrate system varies with the concentration at which it is determined, the 
error being no greater than 5 per cent at any of the concentrations studied. 
Thus, we are not warranted in setting P/X», exactly equal to unity, but can 
reasonably define limits from the data. On the basis of these limits, com- 
bined with conductivity and density data for the system as reported by 
-Wetmore and his co-workers," the friction coefficients 713 and 123 at 330° C. 
have been plotted in rigur® 2 for the entire range of composition. The 
actual points shown in the figure refer to the value calculated on the as- 
sumption 73 = 73 exactly, their accuracy depending on the reliability of the 
conductance data. The upper limits are those prescribed by the accuracy 
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Figure 2. Cation-anion friction coefficients in the system silver nitrate-sodium 
nitrate. 


of the transport data for the maximum value of 123 , while the lower limits 
give corresponding minimum figures for 713. It was necessary, of course, 
in establishing these limits to choose an approximate value for 72, since 
this quantity enters into any calculations for which 7,3 does not exactly 
equal 723. The estimation employed here was based on the value for TH+ 
in pure sodium nitrate given in TABLE 1, since this is a like-ion coefficient 
for cations in the same system, and the transport properties of the 2 cations 
in this system have been seen to be very similar. Tt may be mentioned 
that, to the extent that such an estimation is reliable, it is possible to pre- 
dict the interdiffusion coefficients that will be found for this system. 

A glance at FIGURE 2 shows that the concentration dependence of these 
friction coefficients is so small that their behavior might be characterized 
as ideal. Two types of ideality suggest themselves: (1) the values of 113 
and rz are equal at all.concentrations and vary linearly with composition 
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of the melt, as illustrated by the solid line in riGuRE 2; and (2) the two co- 
efficients have slightly different values, but each remains constant (and 
hence equal to the pure salt value) throughout the composition range. A 
third and slightly less restricted type of ideality is suggested by the dashed 
lines defined roughly by the limiting values in riguRE 2. Until the inter- 
diffusion experiments in progress on this system are completed, however, 
it is impossible to say with certainty whether the friction coefficients con- 
form exactly to any of these ideals. 

In discussing silver nitrate-sodium nitrate melts we have been consider- 
ing a system made up from 2 salts of very similar properties. Not only are 
their conductivities nearly equal, but their molar or equivalent volumes 
are identical within experimental error and equal to the partial molar 
volumes in all intermediate mixtures. It seems reasonable to infer that 
the structures of these melts vary only slightly with concentration. From 
the known behavior of pure sodium nitrate (TABLE 1) it would thus follow 
that association of oppositely charged ions does not occur during transport 
in these mixtures. Let us now consider another system that resembles 
this one only in the fact that the 2 pure salts from which it is formed, 
namely, lithium chloride and potassium chloride, are also completely dis- 
sociated. The latter salts have molar volumes differing by a factor of 
more than 1.5 (although the partial molar volumes are nearly constant), 
and equivalent conductances differing by almost a factor of 2. 

The variation of equivalent conductance with composition in the lithium- 
chloride-potassium chloride system at 800°C. is illustrated by the solid 
line in FIGURE 3.’ The strong negative deviation from linearity shown has 
been found characteristic of systems made up from completely dissociated 
pure salts whose conductivities differ markedly. In previous discussion of 
molten salt systems’ I have noted that the effect of increasing values of the 
ry term in EQUATION 18 is to reduce the intermediate values of A below the 
straight line (dashed line in FiguRE 3) that would be found according to 
EQUATION 18 for a mixture with constant (pure salt) values of ry3 and 723 , 
with riz = 0. The question of whether a large positive value of 72 could 
account for the experimental deviations can be settled quickly by calculat- 
ing the limiting value of A as 72 goes to infinity in EQUATION 18. The 
resulting relation is 

Nes 2 
ate X13713 + X23 725 (20) 


Now if r13 and 123 retained their limiting values in the intermediate mixtures, 
the limiting (minimum) conductance that would be calculated from EQua- 
TION 20 is illustrated by the dotted line in rigurE 3. It falls far short of 
accounting for the negative experimental deviations, so that we can rule 
out this type of ideal behavior for the lithium chloride-potassium chloride 
system. 
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The other type of ideal behavior suggested for the silver nitrate-sodium 
nitrate system was a linear variation of ms and m3 such that they remain 
equal at all concentrations. Ea@uation 19 was shown to be applicable to 
this case but, when the assumed linear dependence of 713 is taken into 
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account, this becomes identical in form to EQUATION 20, so that the dotted 
line in FIGURE 3 represents this situation also. Ideal behavior of any sort 
seems unlikely to account for the experimental curve. 

We have noted that one major difference between the properties of the 
LiCl-KCl system and those of the AgNO;-NaNOs system is the strong de- 
pendence of the molar volume on composition in the former. By expressing 
in units of mole fraction the concentrations X; in EQUATIONS | and 2 which 
define the friction coefficients 7, , the formal dependence on volume has 
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been removed from the coefficients Rix, originally defined by Onsager’s 
“dissipation function.” 2 Tyan earlier paper” I pointed out that the Rx , 
which are related to the present coefficients by Rix = — Vr, where V is 
the molar volume of the solution, might be expected to exhibit a smaller 
dependence on volume. This is because the molecules or ions are crowded 
closer together as the molar volume decreases, so that a corresponding 
increase in the friction coefficients rz is plausible. In view of the failure 
of the LiCl-KCl conductivity isotherm to be consistent with any sort of 
ideal behavior of these coefficients, it is of some interest to test whether 
alternatively defined friction coefficients might furnish ideals capable of 
correctly describing the experimental curve. Of particular value, of course, 
would be coefficients independent of concentration in completely dissociated 
systems. It is possible to test whether the Onsager coefficients Rix could 
fulfill this condition in the LiCl-KCl system by again calculating the limit- 
ing (minimum) value for A, this time as R12: approaches infinity. The result 
at Xig = 0.2 is Amin, = 160, and at Xi3 = 0.8, Amin. = 117, the experimental 
values at these concentrations being 143 and 108, respectively. While 
these results represent an improvement over the corresponding minima 
calculated from the r, (171 and 121), they show that the LiCl-KCl system 
could not be considered ideal in terms of the Ry either. This is not sur- 
prising, since it is presumably true that more complex considerations than 
that of volume alone are involved in the concentration dependence of any 
friction coefficients. 

It may be noted that constant (pure salt) values of the cation-anion 
friction coefficients (using either of the above definitions) combined with 
suitably chosen negative values of 712 could account mathematically for the 
form of the experimental isotherm. Since the latter condition implies 
association, however, this would be inconsistent with the concept of ideal 
behavior. 

Some transport data for the LiCl-KCl system reported by Klemm and 
his co-workers” may help to establish what sort of variation in the friction 
coefficients is connected with the observed conductivity isotherm. In the 
process of carrying out an isotope-enrichment experiment, they performed 
the equivalent of a Hittorf transference-number determination that permits 
calculation of the transport parameter P in EQUATION 17. The equivalent 
fraction Xj3 of KCl in this experiment was 0.0224, a region where the 
negative deviation of A per unit concentration of KCl is seen in FIGURE 3 
to be very large. The value of P calculated from their data is 0.9805. 
Substitution of this value into EQUATION 17 gives the result that ry». = 
6.5 ris — 7.5 123 at this concentration. The friction coefficient for the pair 
of like-charged ions will therefore have a positive value at this concentration 
if ri3 exceeds 723 by 15 per cent or more. This seems likely in view of the 
fact that r;— in pure KCl exceeds that in pure LiCl by 80 per cent. (Al- 
though the latter figure is quoted for a temperature of 800° C., while 


ee 
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Klemm/’s experiment was carried out at 630° C., the qualitative compari- 
son is clearly valid.) The data are thus consistent with the view that dis- 
sociation is complete in LiCl-KCl mixtures, the strong decrease in conduct- 
ance apparently being associated with a corresponding increase in both 
the°cation-anion friction coefficients as either salt is diluted by the other. 
We may note that if the coefficients ry», for the interference between posi- 
tive ions in mixed halides turn out to be small compared with cation-anion 
friction coefficients in the same systems, as was found to be the case in pure 
molten chlorides, it will in general be possible to predict the interdiffusion 
coefficients in such systems from results of conductivity and transference 
measurements, provided the thermodynamic data are known. 

The transport data of Isbekow™ for a solution of potassium bromide in 
aluminum bromide may be used to demonstrate the application of the nega- 
tive friction coefficient criterion for association in molten salt mixtures. 
When this system is treated as a Type III electrolyte the value of P calcu- 
lated from Isbekow’s data is 1.1 at X23 = 0.074, where the subscript 2 re- 
fers to Kt. Now if ion 3, the bromide ion, is taken as reference for the 
velocities of the cations, P = 1 — t; is the transport number of the potas- 
sium ion. Association is already demonstrated, then, by the fact that the 
transport number of Al*? relative to Br” must be negative. The definition 
of the friction coefficients shows that such a result must imply negative 
values. This is borne out by substitution of Isbekow’s figures into the 
analogue of EQUATION 17 for a system of this charge type.! The result is 
re = —0.01 713 — 3 723, showing that at least 1 coefficient must be nega- 
tive. On the basis of r,_ for pure AlBr; (TABLE 1), it would clearly be 
more realistic to treat this liquid as a neutral solvent, just as Isbekow him- 
self did in calculating transference numbers. 

I conclude with an interesting case for which the question of association 
has not yet been settled unambiguously. The system is PbCl,-KCl, for 
which we designate the ions as follows: 1 = Pb, 2 = K*,3 = (Cr. 
Transport data on this system were first gathered by Lorenz and his co- 
workers,”’ who found that at X23; = 0.7 the lead ion migrated out of the 
cathode compartment defined by a porous “clay” partition between the 
electrodes. Since the significance of ‘‘transference numbers” measured by 
this method is not entirely clear, it is perhaps of greater relevance that the 
values of P at 800° C. based on their data for 2 runs in this concentration 
region are found to be 2.4 and 2.7. Asin the bromide system just described, 
association is clearly indicated by these results. 

A somewhat different experimental approach led Bloom and Heymann” to 
conclude that complex ions must be present in the PbCl-KCl system at 
concentrations around X; = 0.67. Their reasoning was based on the 
results of careful determinations of the conductivity isotherms at a variety 
of temperatures, which showed that the “activation energy for ionic migra- 
tion” (E*) apparently passes through a maximum at about this concentra- 
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tion. Subsequent determination of the corresponding viscosity isotherms, 
however, yielded data that were puzzling to Harrap and Heymann’ in the 
light of the conductivity results. For the “activation energies for viscous 
flow” calculated from the slope of R In 1/7 versus 1/7 showed a continuous 
uniform variation with composition, no anomalous behavior being observ- 
able in the neighborhood of X.; = 0.67. These workers attributed their 
result to the operation of a different mechanism for the flow process that is 
less sensitive to association of the ions into small complexes. 

Finally, ‘transport number’ determinations similar to those first carried 
out by Lorenz and Fausti” were repeated about 55 years later by Duke and 
Fleming” with very different results. None of the transport numbers 
relative to the latter workers’ partition was found to be either greater than 
unity or less than zero at any concentration, the value of P at 850° C. for 
Xo = 0.68 being 0.79. 

In principle, determinations of P required no partition or “membrane” 
to separate the electrode compartments, provided the distance from 
cathode to anode is sufficiently great (and convection currents sufficiently 
small) for an appreciable region between the electrodes to retain its initial 
composition throughout the experiment. While the use of porous mem- 
branes prevents mixing by convection between the 2 compartments, it is 
possible for such mixing to occur within one compartment followed by flow 
through the membrane, which would produce, of course, the same sort of 
error. Another possible source of error connected with the use of such 
membranes is the phenomenon of electro-osmosis, which may result when a 
particular species is adsorbed preferentially onto the pore surfaces within 
the membrane, giving rise to an appreciable ¢ potential. For a membrane 
with sufficiently small pores, a potential of this sort could exert a consider- 
able influence on the relative mobilities of the ions. 

It is unlikely that either of the sources of error that I have mentioned 
was an important factor in the results of Duke and Fleming.” Previous 
work on pure lead chloride using the same membranes,” as well as some 
very different ones, had shown the mobilities of cation and anion relative 
to the membrane to be almost independent of membrane material and 
porosity, provided the pores were sufficiently small to prevent flow between 
compartments. Determinations of P in the AgNO;-NaNOs; system em- 
ploying cells both with and without such membranes had been shown to 
give self-consistent results.” Furthermore, Duke and Fleming altered the 
type of membrane used in their experiments on the PbCl-KCl mixtures 
and found no effect on their results.” It thus appears likely that the data 
of Lorenz and his co-workers” were subject systematically to 1 of the 2 
sources of error mentioned above. (Discrepancies from the results of 
Duke and Fleming” are also found in the data of Lorenz and Ruckstuhl”® 
at X23; = 0.33, even though the latter determinations showed good repro- 
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ducibility.) If the electro-osmotic effect is involved, this would indicate 
that considerable care should be exercised in the selection of such mem- 
branes. The powdered quartz packing used by Klemm and his co-workers” 
to prevent convection in the experiments on the LiCl-KCl system is simi- 
larly suspect, although, as I have indicated, the results they reported were 
quite reasonable. 

Assuming the data of Duke and Fleming to be correct, we may substitute 
their results into the equation relating P to the friction coefficients in a 
system of this charge type.’ The result is ry = 1.33 ry — 4.66 13 , from 
which it follows that, in order for ry» to have a positive value, r;3 must exceed 
13 by at least a factor of 3.5. The corresponding ratio of the cation-anion 
friction coefficients for the pure-salts at the same temperature is less than 
one half this figure, but, of course, the concentration dependence of these 
quantities remains unknown. Thus, the question of the existence of 
association in the PbCl.-KCl system cannot be given a clear-cut answer 
until the necessary diffusion data become available. 


Summary 


Interionic friction coefficients for a number of pure molten salts have 
been calculated from available data and are summarized in tabular form. 
The list includes all of those salts for which results of self-diffusion experi- 
ments have been reported, as well as a number of examples for which only 
conductivity and density have been measured. 

The effects of 3 experimentally variable conditions on the magnitudes of 
the friction coefficients are discussed separately; that is, size of the thermo- 
dynamic force, temperature, and pressure. A simple exponential relation 
is shown to describe the temperature dependence of both cation-anion and 
like-ion coefficients. 

A criterion for association between the oppositely charged species in pure 
binary salts, based on the occurrence of negative like-ion friction coefli- 
cients, is shown to give evidence for the existence of such association in 
molten ZnBrz . 

The interionic friction coefficients for completely dissociated salts are 
discussed with regard to their possible correlations with the microscopic 
_ properties of the ions; that is, charge, size, shape, and mass. 

A semi-quantitative discussion of the friction coefficients in molten salt 
mixtures is based on the incomplete transport data currently available for 
a number of systems. Cation-anion friction coefficients are shown to ap- 
proximate ideal concentration dependence in the AgNO;-NaNO3 system, 
while such behavior is ruled out by the data for the system LiCl-KCl. 
Association between ions in the KBr-AIBr; system is demonstrated by the 
occurrence of negative coefficients, while the case of KCI-PbCl, is seen to 
remain ambiguous in the absence of complete transport data. 
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ION MOBILITIES IN PURE FUSED SILVER CHLORIDE* 


F. R. Duke, A. L. Bowman, E. Wolf, H. Garfinkel 


Institute for Atomic Research and Department of Chemistry, 
Iowa State University, Ames, Iowa 


Ion mobilities in a number of pure fused salts and salt mixtures have 
been determined, using radiotracers to follow the progress of ions through 
porous membranes.’ This work has now been extended to include pure 


AgCl. 


Experimental 


Small quartz or Pyrex cells of the type previously described were used ;” 
the U-shaped cells were fitted with a porous membrane of either ultrafine 
Pyrex or fine-porosity quartz treated successively with ethyl orthosilicate 
and hydrochloric acid to make the pores even finer. Each side of the U 
tube was filled with molten AgCl, the cathode compartment also contain- 
ing radiochloride. Silver electrodes were used. 

The cells were kept at the desired temperature in a Marshall furnace, 
and the temperature was controlled by means of a Brown electronic con- 
troller. Shunts between taps on the furnace were adjusted to insure that 
the temperature remained constant over several centimeters’ more length 
than the cell occupied. 

The total equivalents of charge passed through the cell were measured 
by timing a current. After passage of the current, the cell was allowed to 
cool and the anode and cathode compartments broken apart. The AgCl 
was dissolved in concentrated NH,OH, and a portion of the AgCl was pre- 
cipitated for counting by the slow addition of AgNO;. A 1.0-gm. sample 
was counted on a 2-cm.-diameter filter paper, and the corrections for self- 
absorption were made. 

The ratio of radiochloride found in the anode compartment to the total 
radioactivity multiplied by the equivalents of AgCl originally present in 
the catholyte yields the equivalents of Cl” passing from cathode to anode. 


Results and Discussion 


It has been shown’ that (C4No-/C7rZ) = tCl , where C4 is the radioac- 
tive count in the anolyte at the end of the run, Cr is total radioactive counts 
originally present in the catholyte, No. is the number of equivalents of 
AgCl originally present in the catholyte, ¢Cl Is the transport number of the 
chloride ion, and Z is the number of equivalents of charge passed through 
the cell. The transport number of the chloride ion is given at the various 
temperatures in TABLE 1. 


* The work reported in this paper was performed in the Ames Laboratory (Ames, 
Towa) of the Gaited States Atomic Energy Commission, Washington, D.C. 
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The ionic equivalent conductances and total conductance of AgCl are 
listed in TABLE 2. 

The first point of interest is the zero transport number of chloride ion in 
those cases in which Pyrex disks were used. Either electroendosmosis or 
conduction by sodium ions in the Pyrex disk must be responsible for this 
result, since no break of any type is noted in the total conductivity of 
AgCl in this temperature range. Lorenz and Janz * have shown that AgCl 
does not wet Pyrex, making the latter postulate appear tenable. In any 


TABLE 1 
Transport NumBERS OF Fusep AgCl at Various TEMPERATURES 


Ta(ce) Membrane iG 

550 Pyrex 0 

600 Pyrex 0 
650 Silica 0.15 + .03 
750 Silica 0.16 + .03 
850 Silica 0.17 + .03 
925 Silica 0.19 + .03 

TABLE 2 
Ionic EquivaALENtT ConpucTaNcrEs IN Fusep AgCl 
AT VARIOUS TEMPERATURES 

me Ge) (5,6) rAgt xc 
650 135 115 20 
750 145 122 23 
850 153 127 26 
925 159 129 30 


case, it is apparent that Pyrex should be viewed with suspicion as a mem- 
brane material in transport studies. 

A second point of interest is the relatively high mobility of the silver 
ion compared with the chloride ion. The radius ratio calculation’ and the 
mass ratio equation’ are both very much in error as applied to silver chlo- 
ride. No obvious explanation of the magnitude of these transport num- 
bers is apparent. 
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REFERENCE ELECTRODES AND OVERVOLTAGE 
MEASUREMENTS IN MOLTEN SALTS 


R. Piontelli 


Laboratory of Electrochemistry, Chemical Physics and 
Metallurgy, Politecnico di Milano, Milan, Italy 


GLossARY oF SYMBOLS 


equal by definition 

polarization cell 

reference electrode 

tensiometric cell 

tensiometric apparatus (including potentiometer and/or oscilloscope) 
electric current (conventional), circulating in a PC from the terminal M 
toward the terminal B: 

electric potential (macroscopically defined), at the position P 

electric potential difference, measured by a TA, between the metallic ter- 
minals M and B of a PC or PT (taken as positive when M is the positive pole 
of the chain) 

time 

electrode voltage 

electric resistivity of a conducting medium 

absolute temperature, °K 

pressure 

volume 

internal energy 

entropy 

U + PV — TS (Gibbs free energy, or free enthalpy) 


(x) 
0&, 7, P,&r 


entropy increase in dt 

degree of advancement of a reaction r (see Section 1.3) 

equivalence of a reaction r (in absolute value) 

valence of the ionic species J (in algebraic value) 

chemical potential of the chemical species Y in the position P 

chemical activity, in the molar fraction scale, of Y at P, with reference to 
the state p. 

electrochemical potential of the ionic species J (the electron 0 included) in 
P (see APPENDIX [) 

electrochemical activity of the ionic species J at P with reference to p (see 
AppENDIX I) 

conventional electric charge 

electrode overvoltage as given by an ideal isoelectrodic RE 

dissipative contribution 

zero-current voltage output of the PT formed by two identical RE connected 
to the points P and P’ in a given chemical configuration 

ohmic contribution to the apparent overvoltage as given by an RE connected 
to a point P’ * 
contribution to the EV due to chemical changes at a given position or to the 
difference in chemical composition between two positions 
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The field or overvoltage in the electrolysis of molten salts has been 
somewhat neglected in the past, perhaps owing to the technical difficulties 
encountered in measurements of this class. Furthermore, with respect to 
the general position of the problem itself, not a few divergent opinions 
seem to exist. 

In this paper the “phenomenological-operative” point of view will be 
taken; this viewpoint has as its main goal the statement of the laws of 
operation of electrolytic cells expressed only in quantities accessible, at 
least in principle, to experiment, and meaningful in the framework of classi- 
cal thermodynamics or thermodynamics as extended to cover the theory 
of irreversible processes. Thus these laws may constitute a consistent start- 
ing point for further study of the kinetics and mechanism of the electrolysis 
processes within the very convenient framework of the thermodynamic 
method; moreover, they summarize data almost indispensable to the mat- 
ter and energy balances in an electrowinning or electrorefining process, or 
in a fuel cell. 


Part I 


Section I.1 


Consider’” a polarization cell (PC), formed by two metal or graphite 
electronic conductors. These electrodes, Nt and %, are plunged into an elec- 
trolytic conductor B, the bath* (FiguRE 1). Consider PC as a thermody- 
namic system outlined by a given contour surface and including two termi- 
nals, or poles M and B (two electronic conductors connected to, or part of, 
M and B, respectively) by means of which PC can exchange electric currents 
with foreign conductors. 

The energetic exchanges between PC and the foreign bodies may consist 
of (1) mechanical work due to volume changes under the surrounding 
pressure P; (2) electromagnetic work corresponding to the circulation, 
through PC, of unidirectional currents under steady, or quasisteady condi- 
tions}; and (3) heat. 

The working conditions of PC, at any given time, are thus defined by (1) 
the temperature 7’ (°K.) and pressure P of PC, both of which we shall 
assume to be uniform in the system and constant in time; (2) the chemical 
configuration of the electrodes 9% and B and of the bath @f; (3) the inten- 


* From the geometric point of view, PC will be assumed to be “simply connected.” 

+ The magnetic (inductive) effects and those corresponding to electric capacity 
of the conductors constituting the cell, in respect to surrounding conductors (side 
capacity effects), are both neglected here. 

{ Each electrode, plus a conventionally outlined region in 6 adjacent to the elec- 
trode itself, and the reservoir phases (that is, the phases in contact with the electrodes 
and not traversed by current, although taking part in the chemical changes by matter 
exchanges with the electrode or 8) constitute what we shall call an electrodic system. 
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ets 


sity (amp.) of the electric current*; and (4) the voltage H’” (volts) 
given by a tensiometric apparatus (TA), connected to the terminals M 
and B of PC.t+ 

E**]™” dt is thus the electric work done on the cell in the time dt, being 
positive when the signs of H”” and J” are the same. By Gaiden Pe 


Figurel. Schematized PC, with PT and TA to obtain a complete voltage balance. 


asa system that is closed, on the whole, to matter exchanges,t and by neg- 
lecting any kinetic contribution to its macroscopic energy, we may write§: 


* We shall consider conventional current as that supposed to be carried by only 
positive carriers. The sign of /¥® will be taken positive when this conventional 
current circulates in the cell from M toward B. 

+ TA (potentiometer, oscilloscope, electrometer) is connected to PC by means of 
two identical conductors m and b, and the measured voltage H ”8 expresses the differ- 
ence V¥ — V2 of the electrostatic potentials of these conductors when connected to 
the poles of PC. By conventional choice (indicated by the order of the indices in 
E™®) E™® is taken positive when V¥ > V4, and therefore M is the positive pole in 
PC (see AppENDIX II for further information on E™), 

t Also, the electron exchanges at the two (electronic conductor) terminals of PC 
are mutually compensating (side-capacitive currents being neglected). 

§ The meaning of the symbols above is (with reference to PC): U = internal 
energy; S = entropy; G = U + PV — TS (Gibbs free energy, or free enthalpy); and 
dS* is the entropy creation in the cell by irreversible processes during dt. We as- 
sume that in every one of the configurations in which the macroscopic properties of 
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E*™”*[*’ dt — PdV + dQ = 


éQ = T dS = Tas* (T.1:1)— 


By putting J” dt = dq™” (that is, the conventional charge carried by the 
current from M toward B in the time dt), we may write: 


feed ih pee = dr.p G + the aoc (T.12) 


The equation above gives the thermodynamic balance of the cell in its 
general form. 


1.2 Reference Electrodes’ * 


Into the polarization cell PC is now introduced some supplementary 
electrode systems called reference electrodes (RE). Assume, at first, for 
these RE the following idealized properties:* 

(1) The chemical changes due to the current circulation in RE are well 
defined and reproducible. 

(2) These processes fulfill the requirements of thermodynamic reversi- 
bility when the RE carries the very small currents involved in measure- 
ments. 

(3) Any ohmic voltage drop (and thus joule dissipation) in the metallic 
parts of RE due to these currents may be neglected. No appreciable dissi- 
pation or entropy creation occurs, therefore, in RE. 

(4) The presence of RE does not involve any disturbance of the field of 
current in 8 or on the electrode surfaces. 

(5) RE may be assumed to be connected with a given point position of 
B. 

(6) The eventual interliquid junction between 8 and the electrolyte of 
RE also fulfills the thermodynamic conditions of equilibrium. 

(7) If RE includes one or more reservoir phases, the matter-transfer 
processes between the electrode, the electrolyte, and these phases are re- 
versible. 

By coupling through a TA (1) an RE with 92/6, or 8/8, or (2) two 
RE together a tensiometric cell (PT) is obtained. By introducing RE, 
PC becomes a multipole. 

The following pope are now considered: (1) the meaning of the 

“voltage answers” of PT to the power impressed on PC, through its ter- 


the system are assumed to be definable, not only U, but S and thus G@ also are 
definable and possess a well-determined value (affected by conventional choice of 
zero). We shall consider all of these quantities to be expressed in joules. A sym- 
bolic distinction is adopted here between the complete (or exact) differentials, dU, 
dV, dS, and the other elementary quantities dQ and dS*. 

* The divergences of the real from the idealized properties are possible sources of 
systematic errors, which will be discussed later (Section 11.6). 


a 
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minals M and B*; and (2) the theoretical and practical requirements for 


a correspondence as near as possible to the idealized properties attributed 
to RE. 


I.3 Detailed Voltage Balance in PC 


During current circulation, PC is the seat of chemical processes, a part 
of which may be considered to be a direct consequence of (1) the migration 
of the carriers of electric charge in each conductor, and (2) the transfer 
of the carriers themselves from one conductor to another. 

Consider, first, an idealized condition in which: 

(1) The chemical configuration is completely uniform along both of the 
electrode surfaces. 

(2) The chemical composition of 6 may be assumed to be uniform. 

(3) The resulting chemical modifications in PC, occurring only during 
the current circulation, may be expressed by a reaction equation of the 
form 


LD, + be + +--+ = b:Bi + bBo + -:- 
or, in synthetic form, ft 
HY; 20 (1.3:1) 
The degree of advancement, £7”, of this reaction is defined by: 
me dng, dns, _ Hy _ dni, : _dnz, = _dny; 13:2) 
deg a by % be " lh ly Vi ( 


dny, being the change occurring in dt in the number of moles ny, of the 
substance Y; , for which »; is the stoichiometric coefficient (taken in alge- 
braic value). 

We define the (positive) number z, called the equivalence of the cell 
reaction, as follows: 


dq” = 2% dee (1333) 
where § = 96,500 coulomb gm.-equiv. 


* The superscripts in the symbols, as in HZ ¥? refer to the terminals of the galvanic 
chain (PC or PT). Whenever there is no ambiguity, these terminals are indicated 
by the letter denoting the phase to which the terminal belongs. For example, M 
indicates the terminal belonging to the phase It. The use of the double superserip ts 
for the point positions (for example, E??’) makes the algebra of the partial voltages 


immediately apparent. For example: 
: EPP) 4 BP'U = EPP! — RUP' = EPU 


{ For example,1® 
-PbCh «) = Pb + Cle 
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We define: foe 
pela a ( =) fo nat (13:4) 
~ 2 \OEr / 2p 2B 
Then: 
RR ais EMF — el*® (1.3:5) 


which is the voltage balance equation. (€”” is the (intrinsic) electromotive 
force (emf) of the system in the condition under consideration. The sum 
in the left member is the resulting emf (or electrochemical affinity) acting 


Bg 


he ae 
ae @ ee 
Pad ~ 
a ¥ 


Figure 2, PC with RE of the isoelectrodic class (idealized condition: uniformity 
in 8). 


as the driving force for the circulation of the unit of (conventional) charge, 
in the cell from M toward B. When this sum is zero, the cell condition is 
one of thermodynamic equilibrium. The voltage dissipated in PC is e™"?. 

Now consider, for the idealized condition above, two ideal RE introduced 
as follows (FIGURE 2). 

(1) An RE N’/8 whose electrode reaction is assumed to be exactly the 
same as that occurring on the IN/8 surface (that is, it is isoelectrodie with 
respect to I/6), and whose metallic part is directly in contact with a point 
P in situated at very small distance from a position Q on the MN surface. 
A TA is inserted between Q and the metallic terminal of RE. 

The properties of M’/8 and M/B, may be different before, during, and 
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after the current circulation in PC.. The voltage output y% of the PT* 
Me/Br/M’ will be called the electrode overvoltage for M’/8 in the position 
GP. 

(2) An RE %’/8y having analogous properties and position W in respect 
to the electrode system By/8w forms, with the latter, a second PT whose 
voltage output will be called y3 ”.+ 
_ By connecting through a TA the two RE M’/6p and B’/By , we obtain a 
third PT whose voltage output is called E””. In the idealized condition 
here considered (involving, in particular, the uniformity of 8), E”” does 
not change when, in the absence of current (I*” = 0), the junction points 
of RE with 6 are displaced from P to P’, or from W to W’, respectively. 
On’ the contrary, when J”” # 0, E”” depends on the position of these 
junction points. t 

Along surfaces parallel to the electrode surfaces (assumed to be perpen- 
dicular at any point to the current density vector), the displacement of 
the junction point does not affect the voltage output. 

Considering the junction points of RE with 6, again situated in P and W, 
we may then write: 


* ate = wus ae EALG Goes 


ale HAGe” (1.3 :6) 
= Bie, + I" pp as = + 1" pals 
PW 
Hr” — BEM os (1.3:7) 


is the decomposition voltage corresponding to the chain reaction occurring 
in IN’/Bp,Bw/B’ when the (conventional) current circulates from P to- 


ward W. 


PW Teas 1.3: 
R Stet, a hele (1.3:8) 


* The terminals are supposed to be identical from the chemicophysical point of 
view (the electric status excluded), in a way to allow the meaning of the electric 
potential difference V™¥ — ae to be attributed to vu , the sign convention being 
adopted according to which ve is positive when the positive pole of PT is on the IN 
side. 

The ohmic contributions to ve, also are supposed to be negligible insofar as tis 
concerned. Therefore, only whe eventual covering layers at the J/6 surface could 
make ohmic contributions to va (Section III.2). 

{ Its sign being conventionally assumed positive when the positive pole of PT is 
on the 8 side. 

t By conventional choice (again correlated with the order of the indices P and W), 
EPW is positive when the positive pole of PT is on the M’ side. 
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is the ohmic resistance of the bath, of which pg is the resistivity* and I 
the resistance capacity. 


E™®* then is given by 
SR t3 ae tad Foote ae ye ae Eee, aS be ae Roars 
= Bie. + (Wie — ve") + RO"T™ + RI 


where R,, is the cumulative ohmic resistance of the metallic conductors. 
By 1.3:5, 


(1.3:9) 


AG?” 
zy 


€ M*B 
pe eS ee ee = ae xe Ht é 


or 
O'S (RR Pee = eee 


In the idealized condition shown above, e”’” includes the ohmic potential 
drop in 6 and in the metallic conductors, and 


(Bie. — Exe) + (Wi — 5") = of + OF” (1.3:11) 


that is, the sum of the dissipative overvoltages 0% and 03° corresponding — 


respectively to the processes at the contact surfaces It/8 and B/8. 

The meaning of these quantities deserves some comment. Assuming the 
configuration of each electrode system Jt/8 or B/8 respectively to be 
coincident (for all of the phases involved) with that of the corresponding 
RE (M’/B or B’/B, respectively), we obtain E72 = EX? and thus 


QP wy QP Yw 
pts eet Ve = Ou + O32 


In the case in which the processes at the I%/8 and B/8 surfaces are revers- 
ible and I” ¥ 0, 


x =0= 02 and yp’ = 0 = OF" 


In the general case (but always for a condition idealized as indicated), the 
following may be written: 


op _ AG” 
x = 

2 
AG. 

2g 

* We assume pg to be a scalar quantity also when the chemical configuration de- 
pends on the position in 8. Thus the continuous change in the chemical properties 


of 6 and hence the existence of a vectorial field of generalized forces is assumed not 
to affect the 8 isotropy. 


QP MM’ P 
+ Of = Exx + 0% 


(1.3:12) 


id 
B 


YW BB!’ YW 
= Op = dec, + O03 
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so that 


< . BB’ PW MB 
= Hae, = Beacs a Bigzes 7 TE eee 


ney and AG?” represent the free enthalpy increments (per unit 
_ change in their respective £,, or due to circulation of a charge z2%*) in- 

volved in the processes occurring in the PT 9/8/M’ or B/ B/%’, respectively, 
as a consequence of the differences of chemical configuration between 
M/B or B/S and the RE coupled with them in their respective PT. 


Section I.4- 


In order to exemplify this point, let us assume the electrochemical reac- 
tion at the Yt/6 surface to be represented by the equation: 


an. 
———— > 
cat. 


@M+ 2M 
M x yaad JID SE Mt 


that is, it corresponds to an ion-exchange process, for example: 
Phim = Pb) 

Let us now consider the electrode t/@ to be coupled with RE 9’/8, on 
whose surface the same reaction occurs. To the voltage output H””’ = 
V”’ — V™ of PT (the electric potential difference being taken in the region 
of identical chemical and physical properties), may be attributed the form: 
el ee a5 
SS In io 

ny ae 
ne is the electrochemical potential (joules/mole) of the electrons in the 
position denoted by the superscript M’ or M, and *G is their electrochem- 
ical activityt referred to a reference state 6 for the electrons. The circula- 
tion of current in It/6/IM’ involves the chain reaction 


2M 
Mint = Mons 


EX = (ne — 10)/B = (4c) 


superimposed (in the form of a very small disturbance) on that produced 


by 1” on M/8. ake 
By the hypothesis of electrochemical equilibrium at the }t’/8 surface, 


we may write: 
my! P 
1M?7m+ — M?m+ 
Assume also the existence in both the phases 9? and ’ of ionic dissocia- 


* Here these reactions are assumed to be written in such a way as to make their 
equivalences have a common value z. 
+ See Appenprx I. 
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tion equilibrium* and that the value of 7» in each phase is uniform.f Then 


Q 
ue = we + RT In ae = nyeus + Zum 


A ’ , x P BT ds 
ue = pa +t RT In’an = nyeys + Zune = Tutus + 2uNo 
Alternatively, 
M’ Q M’ Q Q P 
QP 6). eae SiS (eae ae et 1M?m+ — "M?mM+ 
nee & D zud Zuo 
= oe (1.4:2) 
M’ 
= RT “au as 1M*m+ — "M?#m+ 
Zu “ay eu 


This expression becomes coincident with I.3:5, if we write: 


py 2 RT "am go tires — ews 4.3) 
ZuS “a zud 

In fact, the first quantity is expressive of the chemical work involved in the 

current circulation in PT (corresponding to the chain reaction M:y) @ 


Mx)), due to the assumed difference in the properties of 2% and M’, in- 


volving a difference in thermodynamic level for the M atom. In the case ~ 


of pure molten metals such a difference does not exist, as a rule, while it 
may appear both for differences in chemical composition of Jt and M’, 
and for differences in structure, in the case of solid phases. The quantity 
0% represents the work dissipated in the exchange of ions between the 
phases Yt and 8. By the assumption that P is very near Q, this quantity 
does not include any significant ohmic drop contribution; it may be con- 
sidered, therefore, as the dissipative part of the electrode overvoltage. 
This treatment may be extended to any other kind of electrode process, 
and hence to 8/6/%’. 


1.5 More General Conditions 


The following restrictions corresponding to the idealized condition now 
will be relinquished: (1) the uniformity of the chemical configuration of B, 


* This assumption is supported by strong indirect evidence; for example, a well- 
realized intermetallic contact is practically nonpolarizable, even when carrying very 
high current densities. 

t In the material that follows, the ohmic voltage drops in the metallic conductors 
will be neglected, as a rule, so that the electrochemical electron potential 7— becomes 
uniform; the conductors themselves will be considered as homogeneous from the 
physicochemical point of view. The electrochemical or chemical potentials, or ac- 
tivities, of the different chemical species are considered to be uniform within the 
phases. However, when these phases are solid and the electrode reaction involves 
processes of crystal growth or demolition, the ions and atoms at the electrode inter- 
face of the metal may be considered to exist in adsorption states before entering or 
leaving the lattice. The equations I.4:2 and I.4:3 also may be applied in this case, 


when the considered values of 7 and yw are those inherent to the normal condition in 
the lattice. 
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(2) the uniqueness of the electrode reaction, and (3) the absence of spon- 
taneous* processes. 

To simplify the task, assume that the chemical configuration (that is to 
say, the local values of the molar fractions of the constituents) remains 
unchanged in the intermediate region of PC (around the cross-section 
including the point U of PC); this configuration can be adopted as the 
relative reference chemical composition for 8. 


L 


Figure 3. PC with RE of the isolectrodic class (more general condition). 


Consider two RE, 2” /Bv and 8’/By , again isoelectrodic with respect 
to INt/Br or B/Bw respectively, and both eonnected at the point U in 8. 
By the above hypothesis, the voltage output Hiec. of the PT formed by 
these RE is constant and independent of the current circulation in PC. 
The voltage balance of PC (FiauRE 3) now becomes: 


eee EY ABs + BO PE +E 
= BO 4 yf 4 HP 4 Bi, + EO" 4 ye" +B” 


* Here I call a process spontaneous that can occur also in the absence of the cur- 
rent circulation. The uniformity of 6 is then a necessary condition (unsufficient, as 
a tule) for the absence of spontaneous processes. When @ is nonuniform, diffusion, 


at least, occurs. 
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where 
Wg = yaad us Re 
"a (1.5:2) 
Ek ox! pies ee A cada te 
The ohmic voltage drops in the metallic conductors are again: 
ym ne fe See and Ueber = i? bed pres 
The sum 
Er + Er = E, (1.5:3) 


of the voltage outputs of the couples 
M’/BeBu/M” and B’/BrBw/S’ 


(in the absence of current, but in the actual chemical configuration of the 
region included between P and U) may be considered as the operative defi- 
nition of the concentration polarization in PC, as a consequence of the 
changes in chemical configuration produced by current. 

This definition of H, is affected by the choice of (1) the chemical com- 
position in U, as the reference composition; and (2) the RE (here assumed 
to be isoelectrodic in respect to Mt/B and B/~). 

E, + Eiec. is the voltage output (again for J = 0, but in the actual 
chemical configuration) of the PT 


M’/Be-”Bw/B’ 


Therefore £, represents the electric work, in excess of Hiec., required by 
the charge circulation in this PT due to the configuration changes produced 
in 8 by the current circulation. The above choices appear, therefore, to 
be almost natural. 

Two points deserve further consideration: (1) the possibility of correlat- 
ing the values of £7“ and Ey with the chemical configuration (assumed 
to be known in any detail) in the corresponding regions of 8 (Section II) 
and of evaluating them, in particular by thermodynamics; and (2) the con- 
sequences of the utilization, in usual practice, of heteroelectrodic RE. 

The first point seems to correspond, at first glance, to the classic problem 
of the thermodynamic evaluation of a liquid junction potential difference 
by which the difficulty is met concerning the individual values of the 
chemical potential (or chemical activity) of charged chemical species 
(ions).* In fact, the quantities considered here represent the voltage out- 
puts of galvanic chains (complete, in this case); their physical meaning 
cannot be questioned, but only the possibility of their correct evaluation 
on the basis of the knowledge of the chemical configuration. 


* The possibility of defining this potential difference (a galvanic potential differ- 
ence in common terminology) between regions differing in physicochemical properties 
has been questioned from Gibbs to recent times (see APPENDIX III). 
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The occurrence of the spontaneous diffusion processes contributes, of 
course, to the chemical configuration changes in PC and thus also to the 
free enthalpy balance, while its influence on the instantaneous voltage 
balance remains only an indirect one. I shall return to this point when 
considering the spontaneous processes at the electrode surface. 

The meaning and the value of H7%) depend, however, on the choice of 
the RE, and when the latter are taken as heteroelectrodic, instead of iso- 
electrodic, the problem must be reconsidered. One of the questions arising 
from this new condition is the second point above. The evaluation by a 
quasi-thermodynamic method may be considered as an adequate approxi- 
mation, whose theoretical foundations are justified in the thermodynamics 
of irreversible processes (throughout the range in which the linear laws 
are valid). 

It is perhaps worth remembering that the so-called experimental control 
of the quasi-thermodynamic evaluations of the contributions of the liquid- 
liquid junctions, in ultimate analysis always concern the emf of a complete 
chain. Thus, these experimental results may be considered rather as a 
confirmation of the possibility of a satisfactory evaluation, by the quasi- 
thermodynamic method, of the operative quantities considered here. 

The possibility of realizing, in the case of molten salts, electrolytic 
short circuits to reduce the liquid junction contributions to a minimum, 
will not be considered here. This corresponds to reducing as much as 
possible the chemical work involved in the charge circulation through the 
junction. According to the operative definition adopted here of the contri- 
butionsof E7% toa voltage balance due to nonuniform regions of electrolyte, 
the introduction of an electrolytic short circuit does not eliminate such a 
contribution, but reduces it to that appropriate to the difference in thermo- 
dynamic levels of the ionic species whose exchange is assumed to constitute 
the electrode reaction. 


1.6 Simultaneous and Spontaneous Processes 


Consider that at the 9t/6 surface during the charge circulation (both in 
PC, in the form of I ™“® and in PT) a group of simultaneous electrode proc- 
esses occurs, the pth process consuming a fraction e, (current efficiency) of 
the exchanged charge dq, thus: 


Ar = € dq 


Let 2S vipVi = 0 be the reaction equation of the process; & and 2, its 
degree of advancement from an arbitrary zero and its equivalence, respec- 


tively. Then 
ddp = 28 dé, 


At the RE surface the electrode reaction is again unique by hypothesis and 
is reversible. By the reasoning followed in Sectzon 1.3, which is unaffected 
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by the new conditions at the St/@ surface, 
| Byrd 
Zuo 


The symbols have the same meaning, and thus 


ur _ (_9G_ 
aCe . (Gar), 
corresponds again to the occurrence of the same reaction, though under 
different conditions, at both the RE and Nt/é surfaces. 

The simultaneous occurrence of other processes at the )t/8 surface has 
the following main consequences: (1) a change in the chemical configuration 
at the electrode surface and thus in AGy”’; and (2) the fact that now only 
the fraction ex of the circulating charge is spent for the reaction being con- 
sidered. Considering all of the concurrent processes, the following may 
be written: 


Ee + Oy (1.6:1) 


MM’ 
E°? = > es fee + 03”) (1.6:2) 


where 


0G 
AGE — ( ‘) 
tp /1,P.8p 


corresponds to the chain reaction in PT resulting from the electrode reac- 
tion at RE and the p reaction at It/Bp . 
Equations I.6:1 and I.6:2 are, in fact, coincident since 


has a common value for all of the concurrent processes p, and > es ae 
In fact, Z°” represents the electric work involved in the circulation of the 
unit of (conventional) charge in PT, and thus it is the same for all of the 
simultaneously occurring processes whose individual nature, however, is 
decisive for the distribution of this electric work between the nondissipative 
contribution* AG>™ /z,§ and the dissipative one 02”. We must note 
however that the individual value of ©, for each of the concurrent processes 
depends on (1) its own rate (and thus, for given current density, on its 
current efficiency ) ; (2) the rate of all of the others; and (3) the rate of the 
eventual, simultaneous occurring, spontaneous processes. Thus apart 


* It may be worthwhile to note that when AG¥™’/z,% is being considered as a 
non-dissipative contribution, only the direct, or primary, effects of the charge circu- 
lation are being taken into account; these then may be followed by spontaneous proc- 
esses, in which a part or the whole of AG¥™’ may act as the driving force (chemical 
affinity), being thus dissipated. 
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from any mutual interference through chemical configuration and eventual 
coupling effects (through the generalized forces), the concurrent electro- 
chemical processes can interfere, as a rule, by their mutual kinetic influ- 
ence. 

The above analysis is still incomplete because the occurrence of spon- 
taneous processes, superimposed on and inseparable from those accompany- 
ing the charge circulation, also must be considered. 

The problems inherent in the occurrence of these spontaneous processes 
are those of their eventual contribution to the balances of voltages, free 
enthalpy changes, and to dissipation. 

The situation of the spontaneous processes whose coupling with the cur- 
rent exchange at the electrode surface is excluded by the symmetry prop- 
erties of the conjugate generalized forces* may be considered sufficiently 
clear-cut. In fact, the free enthalpy balance for these processes (sp) is 
simply 


0G * 
— dé, = T dS; 
(32) é x if 


and thus the contribution of the latter disappears from the voltage balance 
equation I.3:5 for PC as a whole or for PT only. 

This conclusion holds true for all spontaneous processes having the 
character of local chemical processes, that is, not involving ionic species 
and not influenced by the electric field. Among the classes of spontaneous 
processes that may occur at an electrode surface in molten salts, two 
possible exceptions deserve consideration: (1) the eventual displacement 
reaction by which an elementary constituent of the metallic phase dis- 
places another element, contained in 6 in any form; and (2) reactions in- 
volving species adsorbed at the Nt/é interface. With the former class, a 
form of mutual interference through the chemical configuration at the 
electrode interface is inevitable. As regards the probable electrochemical 
mechanism of these reactions, despite their local and spontaneous character, 
the possibility of coupling with the processes directly produced by current 
seems to exist. ats . 

Any uncertainty in this respect may introduce indecision in relation to 
the values and the meaning of the different individual contributions to the 
balances of free enthalpy, dissipation, and voltages. The utilization of 


* The generalized forces whose conjugate fluxes are the charge transfer at the 
electrode surface possess a vectorial character (gradient of »). Their coupling then 
is excluded in processes whose generalized forces are, on the contrary (as in chemical 
; Ee aes relation to the mechanism of dissipation, either as a direct conse- 
quence of the current circulation or by the simultaneous occurrence of spontaneous 
processes eventually coupled to the fluxes involving charge transfer at the electrode 


surface. 


1040 Annals New York Academy of Sciences 


phenomenological laws to interpret the mechanism of the electrode proc- 
esses becomes questionable. 

The lack of information on these points, however, does not affect the 
global balances themselves in their formal and phenomenological aspects 
considered here. A more detailed analysis of this interesting problem 
would exceed the scope of this paper. 


1.7 Heteroelectrodic RE 


The practical impossibility of obtaining an isoelectrodic RE closely cor- 
responding to the ideal conditions* for any of the electrode processes to be 
investigated makes necessary the systematic utilization of heteroelectrodic 
RE. The change thus introduced may be appreciated easily when two 
heteroelectrodic RE, 3t/@ for MNt/B and F/B for B/8, are assumed to be 
introduced in PC, together with the isoelectrodic RE Nt’/8p and B’/By 
previously considered, and to be connected with the same points P and W 


respectively in 8. Therefore 
wee nad EE A Yael hs yy ei EM'N 
BF — Bp’ 4 BPW yY 4 peer (T72i9 


All of the RE are assumed to be connected to the same point in 8 in such 
a way as not to include in their voltage any appreciable contribution by 
ohmic drop. Assuming idealized properties, and 


EM™ — AGe'" /2% 
EP” = AG? /2% 
or, 
AGa” 4. g9P 
i) 
sere (1.7:2) 
BM = (AGa™ + AGq"")/25 — On” = (AG7"/e) — OF” 
Thus the voltage outputs of the PT again result from two contributions, 
the dissipative one again being 0. The other, thermodynamic part now 
corresponds to the electrode reaction as this occurs on I/8 or B/8, under 
the actual conditions of I or B, respectively. 


Let the heteroelectrodic RE be an electrode system whose electrode 
reaction is 


EM” = (aGe™’ + GX") /25 + Of? = 


No + twXG_ = NXry 


The ionic valences zy , zy , 2x are algebraic values unlike the reaction equiva- 
lence z, 


en 2M 3 z rT 
= >; ™= ; while 2=]$“~.—™ 
| ex | 
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(for example, Agi.) + Cl@) = AgCl) + 6:4z) , that is, a second-class elec- 
trode*). In the PT Mt/8p/N’ the chain reaction is 


Mm + 2NXiy 4) = 1uXH, + Noy + Mt 


By assuming the RE to correspond to the ideality conditions, the electro- 
chemical equilibrium condition at the 2/8» surface may be written 


un ++ Pwnxex. = ux, + 2yn0 
Since: 
EY” = (ne — 10)/% and ne = (use — yews) /em 


therefore: 


Q Q Nn’ P 
EM" — _bu + Mews he RNG + twnxex- — MNxry (17-3) 
2ud eu 
In a reference configuration for 8 (indicated by in), assume 
in P in P i JA 
Pine Le Tu Paevee rs Pies 
L Q Q P P 32 Eee 
eee We — KM te NM?m+ — "M?%u+ a "utms +? Mnxex- UMXry 
zue Zuo zud 
Di in N’ 8 in in 
ae MMXry ~~ MB MXry af Mn — BPNXry _ EM ~~ HMMXry 
Zuo Zne Zuo 


By keeping} 
eee a RT nog ae = ee RT In ak 


the following is obtained: 


M’N’ P P P 
per = yar 4 AGin 4 tuts F Putixes— T Marry 


ae MMxry ae urn (1.7:4) 
Zuo 
= ye + BMS + Obrom + Sein 


By the change in the nature of RE in the voltage output of PT, the fol- 
lowing contributions now appear, in addition to Vu: 


. M’N’ 
(i fle esate (17:5) 
9, zu 
* AgCl,.) assumes here the character of a reservoir phase. 


+ ui’ is the chemical potential and oq’ the activity of the M atom under the 
conditions considered to be realized at the surface of the isoeleetrodic RE $t’/6 (see 


AppENDIx [). 
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that is, the chemical work involved by the charge circulation in a PT 
M’/Br/N, taken in its reference configuration (in); the term 


“ye + r unex a2 jie: 
BE has TM eS eee (1.7:6) 
is zuy 


expressing the overvoltage corresponding to the eventual deviations of the 
chemical configuration in P from that corresponding to the equilibrium 
condition for the dissociation reaction of MX,,, ; and the term: 
Ons = (uMxry ¥, "ut exry) Oud (1.7:7) 
expressing the influence of the changes in chemical composition in P, on 
the thermodynamic level of MX,,, . 

Also, 


MN _ (22 4 AGin" 
See OWE 25 
expresses >” again as the sum of two contributions, one of which (0%) 
gives the work directly dissipated in the electrode reaction on 2t/8p . 

The sum 8¢,r,0m ++ 54in may be considered as the expression of the over- 
voltage due to composition change, in the given position P in 8, with refer- 
ence to: (1) the given electrode reaction r; (2) a reference composition for 
8; (3) the RE being considered.* 


1.8 Voltage Balance of PC Using Heteroelectrodic RE 


In practice, the most usual condition is that heteroelectrodic RE of a 
single class are utilized and connected with 6 at the point positions P and W 
(see FIGURE 1). Assume the RE to be of the 9/8 class (reversible in re- 
spect to X**~ exchanges and directly coupled with 8p). 

The equation expressive of the voltage balance in PC is now: 


BM? = BE" 4 BTS + RMP? + 4 (RMS 4 RTM CEB) 
BY’ = y 2 oe tte ue Boe =}. mee (1.8:2) 


a Seriea Fe ion) == ex 


w Ee 
wv = We + Ein + Sorom + 80°"; Ei = maya (18:3) 
When the reference configuration is assumed to be the same everywhere in 


B, 


M’'N NB! M’'B’ M’B’ AOS, 
Egin an Ejiin = Hoan = Basous Scena ae (1.8 4) 
2B 
* This overvoltage is defined as follows. Consider a PT formed by coupling the 
RE with an electrodice system directly connected with 6 at P, and being in permanent 
equilibrium in respect to r. The difference between the voltage outputs of this PT, 
when the 8p composition is the present one or the reference one, respectively, gives 


the overvoltage by composition change in 8p relative to r, to the reference composi- 
tion of 8, and to the adopted RE. 


ee 
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leading to 


ih ele Sis Boin os Be hc +— 85 in =e es = Once a5 Fk 
= Erlo + Ey) + Ecc. 


(the implicit assumption being that the constant composition in 6 corre- 
sponds to the in reference composition in the first member). The change 
in the nature of RE, although obviously not affecting the sum total, 
changes the proportions of the individual contributions (or partial voltages 
and overvoltages). 


(1.8:5) 


Section 1.9 


In the most common arrangement in laboratory experiments, the over- 
voltage phenomena are investigated separately at each of the electrodes of 
PC. Consider (ricgurnH 4) the electrode 3/8 on whose surface the current 


Figure 4. Arrangement for studying overvoltages at a single electrode t/é. 


distribution and properties of both phases are assumed to be uniform. 
The voltage output E*””’ , which is obtained by utilizing an isoelectrodic RE, 
then may be considered as resulting from the contributions 


to Pi 
MP! QP PE Oe NM?m+ — 1M?m+ 
iE Yu +H# vu + sigs odie mine 
= SP + RPP IM? + Broo = vie + 50" + See 
This and any other condition measurable but different from yw is re- 
ferred to as apparent (electrode) overvoltage. ins, 

The spurious contributions 64” (by ohmic voltage drop) and 6... (by 
concentration polarization*) may be considered as sources of systematic 
errors, to be avoided or corrected as accurately as possible. When, in- 
stead of an isoelectrodic RE, a heteroelectrodic Mt/y RE is utilized, as- 
sumed to be connected at a point position P’, E™” may be considered as 


* With reference to the electrode reaction M ay = M@f" and isoelectrodic RE 
(see Section 11.6). 


1044 Annals New York Academy of Sciences 


resulting from the different contributions 
QP MN P PPS PP? 
M ;} Egin ’ 5c,r,om ’ 6c,N ? do 


the meaning of terms being that previously given. ee is now different, in 
the general case, from 52%; , the electrodes of the PT whose voltage output 
this quantity represents, being of the type Jt/y instead of Nt/s.* 

Consider now the case in which the RE D/yp- is heteroelectrodic and 
not in direct contact with Bp while, moreover, its electrode reaction having 
the oxidation-reduction form 


Ox.) + 2n8(v) — Red. 


Ze 


does not involve X*~. 
A general expression of ZH” is obtained in the form 


BE! = Ee EM | Eine ie EM? (1.9:2) 
that is, as the sum of the voltage outputs of the PT 
M/Br/M’ and M’/Be,“yr:/OD 


Thus, the following may be written: 


um = pe = zune. 34 TM? a+ = 2m + TM a+ 
nox. + 2006 = Red. 
and thus: 
x = ne ie. no , med. ra nox. 7 we — Myeaes (I 9:3) 
8 208 2ud By 


Ficure 5 represents in schematic form the arrangement of a PC with 
only one RE placed in an accessible position U. This compromise may 
become a necessary one in practice. The results above require only trivial 
adaptations to cover this condition. 


1.10 More Complex Electrode Reactions 


The considerations above may be applied easily to more complicated 
electrode reactions, for example, oxidation-reduction processes, or reactions 
involving complexes. I shall consider only the case of the anodic reac- 
tions in an aluminum reduction cell for both its intrinsic interest and its 
relatively general character. At the anode 8/8 (see FiguRE 10) of an 


* For RE reversible in respect to X*#-: 


PP! Pi P 
onN = Get ‘e nzsz-)/| ex | ny 
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aluminum reduction cell, in a quasisteady condition* the matter balancet 
assumes the formt 


%4Do «p) + yC@ > 36Re@ + (34 — y)COs wy + (2y — 34) CO) 


Do is the oxygen donor in 8 (for example, Al,O;, AlO: , or another, not 
necessarily unique) and Rg is the residue left by Do after giving up oxygen.§ 

For given physical conditions (T, P), the value of y depends upon (1) 
the physicochemical properties of 8 (carbon, graphite of the various types) ; 
(2) the chemical composition of the bath at the anode surface (Bw); and 


Fieure 5. PC with a single RE. 


(3) the value i = z§dé/dt of the anodic current density.|| Let us now 
consider a PT: 


B/Bw,“B'/ 2A 


(rrcuRE 6) 2/6’ being an RE of the class Al(y/cryolite + AlOs (sat). 
Consider a second PT to be introduced, formed by an RE %’/8y (isoelec- 


18-22 


* Par enough from the condition in which anode effect occurs and in which, there- 
fore, the parts taken by fluorine and oxygen production may be neglected finally. 
? 


+ Referred to the unit of apparent electrode surface. 
+ Taking into account oxygen as a possible final product, the equation would be: 


34Do 1a) + yCus 2 34R ie) + mO2 (0) + (38 — 2m — y) COs) + (2y + 2m — 34) COG) 


m=0as arule. 
§ Each Do is assumed, here, to give up an oxygen atom. 
|| Also referred to the unit of apparent electrode surface. 
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trodic in respect to 8/@w and placed in contact with By); and an RE B” /p’ 
(again isoelectrodic in respect to 8/8, but placed in contact with 6’). The 
voltage output E”* of this PT then may be written as the sum of three 
different contributions (all of which have an unambiguous operative 
meaning) : 


EPA = Dalal si EP ®” = EP"4 


“a 


—— — <a 
_——_ 
~ 


ee 
ae ae aca Si ar NRA eR DS 
“eater ed tonsa SA Bre Oe Cee EARP Sn ENR ST 
Sipser rae ne RRR 8 9 ANE I SETA RTT TE 
See ae SESE ON SND PROT CPDL 
“Snversoeamossaesecmmrtetnay oe are Pe eta tenner 
eee 
Sea aE TD RE RT. TOU OL 
Saoretonant so aoa RR EN TRI NNSA TT 


‘Srv memeato ontnetas i on arte oenske cena me EN 


nee gh erry ger 


Ficure 6. Scheme corresponding to the arrangement for studying overvoltage 
phenomena at the anode of a PC for the Al production. 


where 


B’ ~— B 
E?® = =m) is the voltage of PT 8/6w/%’ 


BE 18! 
ee ary is that of the PT 8’ /By,/'s'/8” 
RB” 


A 
p4 — 7 - “"_ is that of the PT 8” /a' /% 
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Assume %’ and 8” to be made of carbon, taken in a reference state (in 
which it is assumed that yu’ = y2’ and a2” = ac, as the values of its 
chemical potential and activity, respectively). The gaseous atmosphere 
surrounding both 8’ and 8” is assumed to be at equilibrium, that. is, 
containing CO, , CO, O» at partial pressures (or more generally fugac- 
ities) corresponding to the equilibria 


Coan + 402 w@ = COw 
CO) + 3402 a = COr wy 
and thus also to: 
Coa + Oe (9) = COr gy 
CO2 () + Cia’) = 2 COG) 


for the given physical conditions. 

By the ideality condition, the charge circulation (in the amounts in- 
volved in overvoltage measurements) does not affect this composition. 
Assume the donors D4, of Al, and Do of O, to be in permanent equilibrium 
in 6’ with the source of both, that is, the Al,O3 saturating 6’. Evaluate 
the different contributions H””, E””’, EB” on all of the three carbon 
electrodes (8, %’, 8”). The electrode reaction may be considered to be 
divided into effective steps (or steps equivalent, on the whole, to the 
effective ones): 


Do = Oatny + Ro (Step I) 
Ovbathy > O%electrodey (Step II) 
Orateecoacs =U O(etoctrode) Se 20 (electrode) (Step III) 


By the ideality conditions, these steps are assumed to correspond to elec- 
trochemical equilibrium on 8’/By and 8”/8”, and thus: 


Us , B’ B’ * Ww B’ 
no- = no-; 29 = no- — Ho = No- — HO 
Ww v ” RB!” B!’ =< B"” RB! 
no- = no= ; ne = lo SLO = yk tia) 


By the ideality condition a further step occurs at the 8’ and B” surfaces: 
340 + eC = (34 — €)COz wg) + (2e — 32)CO@ 


Where the ratio (34 — e)/(2e — 34) must correspond to the ratio (Poo,/ 
Poo) eq. in an equilibrium atmosphere with the carbon and in the physical 
conditions attributed to both 8’ and 8”. The chain reaction in B” /p’/A 
(when current circulates from 8” to 2), may be then written 


YZ AI,03 (ey) + CCoy = Alay + (34 — €)COs w@ + (2e — 34)CO@) 
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Therefore 
BY A 
38 
B’ B’ B’ B’ 
_ war t+ (3g — €)uco, + (2e — 34)ucor — 1owarzos — CHC 


38 
re depends on the difference in the chemical configuration of the elec- 
trolyte in passing from W to pf’. 
From the relations above, the following is obtained: 
BP ao (ndo = nDo) + (nko a nko) 
28 

With respect to H — the reaction at the 8/8» surface may be broken into 
the equivalent Steps I, II, and III. These partial reactions will not cor- 
respond, however, to the equilibrium conditions; likewise, the subsequent 
carbon/oxygen reaction will not correspond, as a rule, to equilibrium, and 
therefore must be written in the modified form: 


340) + yCe — (34 — y)CO2 w@ + (2y — 3¢)CO@) 


(Again, in view of the final matter balance, the oxygen production is neg- 
lected.) By setting: 


—3gAG6x. = yuo + 3guo — (3g — y)uco, — (2y — 39)uco 


and 
—AG; = —2n¢ — wo + no- 


the following is obtained 


re = 4 _ gp = Mra to _ AGF _ AGox. , eu’ = yas 
23 28 2F 35 
4 (l= He)uéo — (1 = $4y)ubo + (24¢ — 1)uéo. — (24 — 1)uGog 
25 


The first term 


no- — 10- 
28 

represents the dissipative overvoltage involved in the charge exchange at 
the B/@w surface, assumed to occur in the form of oxygenions. It includes, 
therefore, the voltage actually dissipated in overcoming any eventual 
transfer resistance. 

—(AG,/2%) is the overvoltage involved in the nonequilibrium oxygen 
ion-electron reaction at the B surface. —(AGox./2%) is the overvoltage 
involved in the oxygen—carbon reaction. 
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The term referring to the reaction at the B/Bw surface, 


Cus — Yue 
38 
takes into account the influences both of the eventual difference in thermo- 
dynamic reactivity of the anode carbon and of the difference in the stoichio- 
‘metric coefficients of the carbon itself upon e for carbon, in the reaction 
leading to equilibrium composition. The last term in the preceding equa- 
tion has an analogous meaning in respect to CO and CQ, . 

It may be worth noticing that the considerations above do not involve 
any detailed hypotheses on the mechanism and the kinetic laws of the 
electrode processes. We are concerned only with some possible chemical 
species whose thermodynamic properties may be assumed to be deter- 
mined from the working conditions of the electrode. 

The effective path followed by the electrode reaction could involve the 
successive formation of oxygen ions in 8, their transfer, neutralization, and 
reaction. Moreover, many different paths may be in operation simul- 
taneously (as parallel paths). If, however, to each of the different steps 
here considered is correlated a definite species in a definite thermodynamic 
state, the whole path, from the thermodynamic point of view, can be pre- 
dicted. The different mechanisms then can result in only different parti- 
tions of the total work done between the chemical work and the work 
directly dissipated. The final balance of both being determined unequivo- 
cally, the paths involving a primary work accumulation must be followed 
by successive dissipation in spontaneous processes, leading to the final 
effective chemical configuration and to the final balances of free enthalpy, 
voltage, and dissipation. 

Any statement in these macroscopically and operatively defined terms 
would correspond to technical possibilities, subject to our skill in improving 
the energetic and qualitative characteristics of the processes studied. 
Finally, kinetic and microscopic analysis may find in results of this class 
the surest starting point for any further development. The entire problem 
is discussed in detail on the basis of new experimental evidence in a paper 
in preparation; some examples are shown in FIGURES 17 to 19. 


Part II 


IL.1 Some General Principles in Experimental Technique 


The questions now arise: To what extent do the practical measurements 
conform to the ideal conditions previously considered? What general 
technical rules will permit reliable overvoltage measurements in molten 
salts to be made? 

To study the overvoltages in a PC* whose chemical configuration is given, 


* J shall not consider those analytical methods in which measurement of the cell 
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problems involving the following classes are met: (1) materials, (2) geo- 
metric characteristics of both PC and PT, (3) the nature of the RE, (4) 
temperature* and atmosphere control, and (5) electric supply and voltage 
outputs record. I shall consider here only the points 2, 3, and 4. 


II1.2 The Geometric Characteristics of PC 


These must be such as to: (1) allow uniformity of current distribution on 
the electrode surface, and whenever possible in the bath 8 (where, in any 
case, this distribution must be regular and known); (2) make the mass 
transfer processes regular and, whenever possible, well controlled; (3) per- 
mit the inclusion of RE without disturbance of the conditions above; and 
(4) avoid mutually interfering anodic and cathodic reactions, the electrodes 
being kept far enough and so arranged as to prevent, during measurements, 
the products of the reaction at one electrode from reaching the surface of 
the other. 

Two class of cells may be especially suited to fit these requirements; these 
correspond respectively to cylindrical and spherical symmetry (FIGURES 7 
and 8). G is a graphite body placed in an insulating support J and in- 
ternally lined by an insulating wall. The assembly is placed in an electric 
furnace F. For operating the cell at constant temperature and under 
controlled atmosphere (Nz, A), a thermocouple T, gas inlet g and outlet 
g’ are provided. tis the metal electrode to be investigated and % are the 
counter-electrodes. The metallic part Yt’ of RE (supported on graphite) 
is contained in a cup (C) of insulating material (sintered corundum), being 
connected by means of a special lead Z (platinum or tungsten) to TA (os- 
cilloscope, potentiometer), to which the investigated electrode also is con- 
nected (see FIGURE 9). Qt is connected through a similar lead. The 
symmetrical arrangement avoids thermoelectric effects. 


Il.3 The Geometrical Characteristics of the RE 


These characteristics for overvoltage measurements depend, in practice? 
on those of PC. Realizable, cylindrically symmetric forms suitable for RE 
to be utilized in PC (the RE being isoelectrodic or reversible in respect to 


(or electrode) voltage is used investigating the nature of the electrode reaction, or 
reactions, or to determine the thermodynamic properties of the reactants (and thus, 
eventually, their molality) in order to throw light on the chemical composition of 
the bath. Of course, the determination of the slope of the voltage/current charac- 
teristic, in the cases in which the dissipated work may be neglected, may assist 
greatly the investigations of the class here considered. 

* The measurements of overvoltages, although more delicate, in principle, than 
those of equilibrium emf, require constancy of temperature and of its distribution, 
rather than the exact uniformity required by the equilibrium emf determinations. 
The eventual thermoelectric effects that thus may be introduced may leave the over- 
voltages unaffected. Of course, due to temperature differences, convection flow in 
the bath, as well as other inconveniences, are likely to oceur. 
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some constituent of 8) are shown in FiGuRE 9. The insulating sheet C, 
covering all but a small slit providing the liquid junction, makes the cur- 
rent distribution uniform in the part of 8 involved in the processes at the 
electrode and on the electrode itself. The presence of RE does not in- 
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Figure 7. PC (symmetrical in respect to the vertical axis) for the study of the 
overvoltage at the 9t/8 surface. Key: Mt’/6, RE; F, furnace; T, thermocouple; 
g, 9’, gas inlet and outlet; G, graphite body; C, C’, C”, insulating walls (corundum). 


volve any perturbation in the working conditions of the electrode, nor in 
mass-transfer processes. 
a. relation to a electrodic system which forms the RH, I shall briefly 
consider only those systems whose reliability has been established in my 
experiments. Several metals (either in the molten or solid state), when 
put in contact with their molten chlorides (for a short account see Section 
II.2) show the practical absence of any Yu contribution even when they 
are carrying high current densities, in both anodic and cathodic senses, 
The electrodic systems of this class are thus very suitable for use in pre- 
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paring ER for overvoltage measurements, either in the form of isoelec- 


trodic or in heteroelectrodic RE. 
An isoelectrodie RE directly connected with the bath, the use of which 
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Figure 8. RE suitable for the PC shown in ricureE 5: (a) isoelectrodie RE (z, 
lead; C, C’, C”, insulating walls; L, side channel for the interliquid junction); (b) 
heteroelectrodic RE. The traces of the equipotential surfaces (full horizontal lines) 
and the current lines (vertical with arrows) also are indicated. 


makes the overvoltage values especially significant, does not represent, 
however, a fixed reference zero for the various electrode processes. This 
disadvantage and the fact that not all of the electrode processes allow a 
reversible isoelectrodic RE makes the introduction of standard RE neces- 
sary. The literature on the RE of the Ag/AgCl class is abundant.* 


* For an excellent review see the Ph.D. thesis of Pankey.”° 
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It is necessary to remember only, in the cases of chlorine containing baths 
that are not too aggressive in respect to metallic silver, that by simply 
exposing an Ag tip to a bath position, where the change in composition 
may be neglected, a satisfactory RE, suitable for overvoltage measure- 
ments* may be obtained. Finding a suitable standard RE for overvoltage 
measurements in fluoride baths, in which only graphite may be kept in 
‘permanent contact with the baths is a difficult problem. The graphite- 
oxygen RE preferred by authors in the Unions of Soviet Socialist Repub- 
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Figure 9. PC (hemispherical symmetry) for overvoltage measurements on the 
%/6 surface. 


lics”” requires, in practice, care to obtain adequate control of the atmos- 
phere, and also involves some material problems. 


* This RE may act as an isoelectrodic RE for electrodes whose reaction involves 
Cl-. In the general case, the contribution of this RE to the thermodynamic effects 
of the chain reaction depends on the value of the individual activity of the chlorine 
ions in the region with which the RE exchanges Cl-. It is, however, easy to check 
it witha standard RE (in particular again RE such as Ag/AgCl/y provided that 
in y the thermodynamic level of the chlorine ion is well defined and that the {unoton 
between the two RE is realized with a suitable policy). For the Ag/AgCl, NaCl 
electrode, a peculiar arrangement is utilized by Coriou e¢ al.2” in which a silica tube 
containing Ag and molten AgCl is separated by means of an asbestos and ZrO» plug 

. from a NaCl melt, in a graphite container. The liquid junction is obtained through 
a graphite screw. This arrangement is suggested as a possible solution of the prob- 
lem of RE in fluoride baths. 
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A satisfactory solution was attained recently” by which my previously 
adopted RE Al/eryolite in a sintered corundum container, definitely has 
been improved by the following changes (FIGURE 10): 

(1) The electrolyte 6’ is oversaturated with alumina, thus ensuring 
stability and reproducibility and moreover hindering attack on the internal 
walls of the corundum container. 

(2) The external walls of this corundum container are protected by 
means of a graphite lining.* 
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Figure 10. RE for fluoride baths. Key: Al, molten aluminum; G, graphite lining; 
C and C’, corundum tubes; z, tungsten lead; 8’, eryolite with excess Al.O; ; L, inter- 
liquid junction (provided with a graphite stopper not indicated). 


(3) The triple graphite-Al-bath contact, which now appears to be a 
main source of instability for the Al RE, has been eliminated. In the new 
form, Al is in contact only with the bath 6’, with a tungsten lead z protected 
by a corundum tube and not exposed to the bath, and with the corundum 
wall of the container. 

(4) The junction between 8’ and 8 is effected through a small channel (1 
mm. in diameter or less) in the walls of the corundum container and graphite 
lining. This channel also may be realized in the form of the small liquid 
layer allowed by a graphite stopper.t 


* A graphite container has been used previously by Coriou et al.27 for their RE. 
It makes use of a graphite screw to obtain the interliquid junction. 
} A point that may deserve consideration in measurement practice, when this 
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By the very nature of the liquid junction, its contribution is small for 
measurements in cryolite melts and tolerable in the case of many of the 
fluoride melts already investigated. 


I1.4 Electric Supply of PC During Measurements 


The instrument facilities are very satisfactory at present and it is neces- 
sary only to choose between the different current sources and voltage- 
recording apparatus. In view of the chiefly phenomenological goals of my 
investigations, the preferred measurement policy is that by which, through 
‘a PC, current pulses are made to circulate whose form, intensity, duration, 
and pauses may be varied in each particular case. 

By the amperostatic pulses method (belonging to the class of the so-called 
direct methods), the voltage outputs of a PT are recorded before, during, 
and after the circulation of rectangular* current pulses in PC (F1guRE 13). 
When the external source corresponds to the requirements of adequate 
power availability and absence of any practical lag, the current may be 
considered as rigorously constant during rectangular pulses, and thus to 
be the controlled (independently variable) factor; the voltage outputs of 
the whole PC, and of the various PT in it, thus have the meaning of re- 
sponses of the system to the imposed current. 

In the conditions in which current efficiency approaches or attains the 
theoretical value, the imposed current also defines the rate of the processes 
whose study is the main goal. This is a quite suitable policy, as the mean- 
ing of the voltage answers of the various utilized PT often may be obvious 
and sufficiently clear. For the sake of brevity, I shall not consider here the 
apparatus suited for such a supply form. Detailed information is given 
elsewhere.” °+ 


IL.5 Current Efficiency 


The study of the voltage balance in general and of the electrode over- 
voltages in particular cannot be separated from the knowledge of the mat- 
ter balance in the cell and at each of the electrodes. The determination 
of the qualitative nature and the amounts of the products of the electrode 
reactions is by no means simple, however, in the case of molten salt prod- 
ucts entering secondary reactions with the electrode or container materials, 


involves the circulation in PC of not very small currents, is the fact that too-con- 
strained liquid junctions can engender quite important concentration-polarization 
effects, the final result being in the opposite sense in respect to that sought. These 
junctions seldom permit definite and reproducible results. For this reason the use 
of a good RE when, due to the incompatibility of the electrolytes, very restrictive 
junctions are necessary, is seldom preferable in the practice of overvoltage measure- 
ments to use of a simpler RE, which may be not as reliable in itself . 

* The triangular pulse form also has been utilized to give interesting results, es- 
pecially in relation to concentration polarization. ' 

+ The only point to be recalled is the need of a very regular pulse form which will 
allow a simple and correct interpretation of the voltage responses. 


1056 Annals New York Academy of Sciences 


the bath, or the atmosphere; the products of these complementary reactions 
may hinder any accurate determinations on the primary products. There- 
fore the experimental results here quoted concern, as a rule, conditions in 
which the current efficiency may be considered close to unity, at least in 
sufficiently short experiments and when the experimental technique is 
such as to bring the rate of the secondary processes to a minimum. 


II.6 Systematic Errors 


In the class of the systematic errors involved in overvoltage measure- 
ments are included all of the contributions arising from deviations from the 
ideality conditions and all of the contributions that cannot be evaluated or 
measured. 

The lack of ideality may concern the defective reproducibility and sta- 
bility of the electrode reaction, anomalies inherent to liquid junctions, and 
the fact that the connection with 8 concerns positions neither sufficiently 
close to the electrode surface, nor comparable to point positions. These 
defects involve the introduction of such spurious contributions as ohmic 
voltage drops and concentration overvoltages (Section 1.9); the possibility 
that the RE, when its metallic part is directly exposed to 8 or surrounded 
by a conducting envelope (for example, graphite), becomes a bipolar elec- 
trode; and the disturbance of the working conditions at the electrode sur- 
face for both the current distribution and the mass-transfer processes. 

Some of these sources of error, although difficult to avoid in practice, 
may permit an acceptable correction. Others must be avoided carefully in 
any precision measurement, as the quantitative importance and sometimes 
the qualitative nature of their consequences is very difficult to forsee and 
change in a given PC, when the work conditions vary. Regarding the 
intrinsic characteristics of the RE, reproducibility and stability obviously 
are indispensable, and any deficiency in them corresponds to unavoidable 
measurement errors. With reference to reversibility, it is sufficient, in 
practice, that a true equilibrium condition be attained and remain un- 
affected by the very small currents involved in the measurements with 
any modern TA. 

To eliminate the ohmic drop contributions 6g, from the apparent over- 
voltages, the following criteria may be applied: 

(1) In the oscillographic recording of the overvoltages, these contribu- 
tions must appear (when the current flows), and disappear (when current 
is turned off), within a time of the order of 107° sec., or less. 

(2) The contributions must be proportional both to the current intensity 
and the resistivity p (provided the current density is uniform), and also 
to the effective distance d from the electrode surface to the RE connection 
with 8. 

(3) When the current is inverted, 5g must follow the same dependence 
law, although of opposite sign. In other words, by plotting 69 as a function 
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of I”, one must obtain linear characteristics, passing through the origin, 
- and thus symmetrical in respect to the origin itself when the sign of 1” 
changes. Of course, some of these criteria may appear and be redundant 
but, only when the whole of them is granted, may the ég correction be con- 
sidered to be effected surely without loss of any other contribution to the 
true overvoltages. 

The control of the current distribution on the electrode surface (whose 
usefulness, in view of the correction of the ohmic drop contributions, is 
made evident by the previous considerations) becomes an essential re- 
quirement for correct measurements of the overvoltages. Any disturbance 
of this distribution, apart from the mass-transfer anomalies thus intro- 
duced, makes the average current density (which may be assumed as the 
variable to be introduced in the phenomenological laws governing over- 
voltages) a compromise that may prove to be deceptive. 

The liquid junction contributions to the apparent overvoltages deserve 
special consideration. This class may include: (1) changes in time of the 
contribution of liquid junction to the voltage output of PT, independent 
of the configuration changes in the part of 6 which is included in PT; and 
(2) the consequences of the changes themselves, the concentration polariza- 
tion (Section 1.7). Of course, while the first-named effect is a spurious one 
and is to be avoided whenever possible, the second one appears as one of 
the goals of any investigation concerning the whole of the contributions to 
the voltage balance of PC. The problem has been studied already (Section 
1.7). The unfavorable aspect of this intervention of the concentration 
polarization in electrode overvoltage measurements is the difficulty of super- 
imposing it on the overvoltage inherent in the electrode reaction. 


II.7 Bipolar Electrodes 


A point that may deserve special consideration in the overvoltage meas- 
urements in molten salts is the possibility that either the RE surface or its 
conductive lining may function as a bipolar electrode when the voltage 
drops in the bath are large enough, due to the high current intensity often 
imposed and to the bath resistivity. 

The eventuality to be considered first is that of an RE whose metallic 
_ surface is exposed directly to 8 in order to avoid any liquid junction. The 
situation is illustrated in FIGURE 11, taken from the results of model experi- 
ments (see ApPENDIXx IV for details). The alternative path offered by RE 
to the current, although eventually corresponding to a lower ohmic resist- 
ance, involves the creation at the surface of RE of a cathodic area through 
which current enters RE, and an anodic area where current leaves RE. 

Due to the ohmic drop and the influence of the differences in composition 
in the bath region between these points, a driving force larger than that 
required by the bipolar working of RE may become available. Consider, 
first, the case of an isoelectrodic RE {’/8 whose electrode reaction is the 
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exchange of the ions M*™“* contained into the solution. H’ and H” are the 
B positions and K’ and K” the corresponding points on the RE surface 
where the possibility of formation of a cathodic or anodic area respectively 


is to be investigated. : ee: 
The driving force per unit of charge for the cathodic exchange of M*™*, 


BAN 1’ 


Fieure 11. Model experiments on bipolar electrodes. Full horizontal lines repre- 
sent equipotential lines; vertical lines with arrows, current lines. Mand B are the 
electrodes of PC; 2’/8, RE functioning as a bipsias electrode; H’K’, cathodic area; 
K"’H”",, anodic area. 


that is, from H’ to K’, may be taken as 
Cran aa tus) /@ud 

The driving force for the anodic exchange from K” to H” is 
(nireare - Meas) eu 


By neglecting the ohmic drop in Nt’ (at least, when the exchanged current 
is very small), and by assuming 2’ to be uniform, 


nM: Cp.) gees tue 
and the total driving force may then be expressed in the form 


(mateo oF, muta) /2uS 
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Letilim (On + Ow) be the value of the work dissipated in the 


I>0 
assumed bipolar operation of RE as the intensity of the exchanged current 
I y is reduced to zero. 
For §t to work as a bipolar electrode, the following condition must be 
realized :* 


Coane a Huigalleue = im (Ozs: a Ole) 


If the bath composition is uniform between H’ and H”, the resulting driving 
force is simply: 

: Vi = V™ = pid? 
(p being the resistivity of the melt, 7 the current density and d””” the dis- 
tance of H’ from H”). Since the utilization of t’/8 as an RE requires, 
however, 9 to be less than a certain value, the condition above corresponds 
in practice, to the requirement that pid” ”” be constant. 

In cases in which the anodic process is not the inverse of the cathodic one, 
a bipolar electrode U requires, in addition to the dissipated work, the 
chemical work corresponding to the chain reaction ending in Fa.,,. Let 
the reaction 


I I 
OX.(H7) a= 20K") mai? Red.(z7) 
occur at the cathode, and 
II Il 
Red. (a ea Ox. G7) ta 20 (Kn) 


occur at the anode, written in such a way as to make the reaction equiva- 
lence assume a common value z for both. The driving force for the former 


is then 
nox! + 216 "Real 
and that for the latter, : 
niteat — (26 + nox.) 
The total driving force (again neglecting the ohmic drop in the metallic 
conductor) is then 


(nox1 — Neal) + (neat! — Nox.tt) 
- 20 


Let AG; be the free enthalpy increment in the chain reaction, and 
lim (07°* + 07°*") 
T7770 
* An analogous conclusion may be reached in the case in which the RE exchanges 


anions with 8. 
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be the limit value of the work dissipated. The condition for bipolar opera- 
tion* is then 


, 7 n H’ 

(nox1 =a ited.) + (nReatl ay nox.1) > ae Ee lim (Chas a r=) | 
28 25 = ;70 

An analogous situation in which the RE is protected by a conductive con- 

tainer may occur. This condition is met in fluoride baths in which graphite 

is, in practice, the only material resistant to permanent contact with the 


Fieure 12. Model experiments on bipolar electrodes. Key: C, insulating obstacle 
with a channel; full horizontal lines, equipotential lines; dotted lines with arrows, 
current lines; black circles, experimental points. The horizontal lines D’D’ and 
D”D” correspond to the condition in the absence of C. The corresponding measured 
EV are given in brackets. (a) Represents the condition for the presence of C only 
or also the presence of a conductive lining unable to act as a bipolar electrode. The 
conductive lining Qt’ in 6) can act as a bipolar electrode. The resulting EV in the 
center of C (where RE is located) are indicated in both a and b. 


bath. For this reason, in some of the most recent types of RE a graphite 
protection has been adopted (see Section II.3). 

While the inner part of the RE thus may be protected effectively against 
attack, the possibility arises that this envelope operates as a bipolar elec- 
trode. This situation is reflected in the experiments on models (see AP- 
PENDIX IV for some technical details), as shown in FIGURE 12. 

Assume an RE ‘enclosed in a first insulating container (sintered alumina, 
in the case of my RE for fluoride baths), surrounded by a conductive lining, 
and communicating with 8 through a narrow channel in the walls. The 
introduction of RE in 8, when 8 carries current, disturbs the current field 


* If many processes are possible a priori, the condition above must be checked for 
the one requiring the minimum of driving force. 
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there, and (in the absence of any difference in composition between 6’ and 
the external bath*) the voltage output of PT does not correspond to that 
which would be obtained in the absence of container and envelope. This 
circumstance requires consideration in itself, because it involves a change 
in the effective distance d to be considered, for example, in evaluating the 
ohmic contribution to the apparent overvoltages. When the conductive 
envelope does not work as a bipolar electrode (the available voltage in the 
bath region in contact with it being insufficient), the external surface of 
the envelope may be considered to be an equipotential surface that does 
not interfere with the measured voltage output (provided RE is isolated 
from the envelope). 

‘When, on the contrary, this envelope acts as a bipolar electrode, a dis- 
turbance of the current field due to RE in @ arises that changes with the 
working conditions, and follows complicated laws. This disturbance must, 
therefore, be avoided whenever possible. 


Part III 


III.1 Experimental Results 


I shall review some typical results obtained in my systematic investiga- 
tions of the overvoltages in molten salts. In the simplest case, provided 
the concentration polarization is kept negligible (see below) the voltage 
response of PT may be rectangular (FIGURE 13). When the form above 
meets the checking tests stated in Sectzon I1.5 the purely ohmic character 
of this apparent do overvoltage (due to the inclusion in PT of a layer of 
bath carrying current), and thus of the electrode overvoltage yw may be 
concluded to be zero.{ This is a very common form for the class of elec- 
trode processes whose reaction equation may be written 


Fal 
2M+ 
Mh — — Mé) 


that is, as a cation-exchange reaction. If preferred the reaction may be 
written 


an. 
Mm Th MS Ss Zu Om) 
at. 


The cations may be present in 6 in some form or bond condition other than 
that which would be considered free. 

A second, relatively common form of voltage response, for PT not corre- 
sponding to ideality in relation to the position of the junction with 8, is 


* In the model experiments, whose results are summarized by rigures 1 and 12, 
the composition of the bath was everywhere the same. 
+ This means that both of the possible contributions to y¥ are individually zero 


(a mutual compensation being excluded). 
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the response corresponding to superposition on the apparent overvoltage 
of an ohmic and a concentration polarization contribution. 

When the intensity and duration of pulses and time intervals between 
successive pulses are changed, the form of the voltage responses changes 
progressively, the details, however, depend on such factors as (1) initial 
concentrations and transference numbers of the ions exchanged at the 
electrode and of the other ion species carrying current simultaneously, and 


ie 


Fiaure 13. Current pulses J “8 (circulating in PC, in an anodic ora cathodic sense) 
and corresponding apparent overvoltages in the case in which these result only 
from an ohmic voltage drop contribution (6@). 


(2) conditions controlling the matter-transfer processes by diffusion and 
convection. 

By an adequate reduction of the pulse duration (in respect to the corre- 
sponding density values and the concentration of the reacting species), 
the rectangular form of the voltage outputs may be restored. A clear-cut 
distinction between the contribution by concentration polarization and the 
eventual slow contributions to the overvoltages involved in electrode proc- 
esses can no longer be made by the methods described above, especially 
at the highest current densities. Rotating electrodes and stirred baths 
(by suitable electromagnetic devices) may, however, be utilized. Some 
subsidiary information also may be obtained by arranging concentration 


—— 
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cells. In these, the bath composition is varied* at the two electrode sur- 
faces in a manner that may be seen to be a consequence of the current cir- 
culation in PC. 

The values of the voltages of the cell and of the PT formed by coupling 
each electrode separately with an isoelectrodic RE connected with an inter- 
mediate region (of reference composition) measured as a function of time 
(in the absence of current—that required by measurement being negligible) 
may give very interesting information on the laws of relaxation (by diffu- 
sion) of the uneven configuration in the cell, and thus may confirm the in- 
ferences concerning the concentration polarization contributions to the 
apparent electrode overvoltages. The modern techniques available for 
studying electrode processes” *” may prove to be a decisive help. Con- 
sideration of these techniques, however, would surpass the limits of this 
paper. 

III.2 Examples 


The absence of electrode overvoltages, within the approximation per- 
mitted by measurement, has been found for the following electrode systems, 
among others: 

(1) Phy /PbCk «a at 530° C. up to 200 amp./dm.” 

In this bath, formed by a single constituent, no changes in composition 
are encountered and, therefore, no concentration polarization effects occur. 
Troubles due to metallic fog formation do occur, however, especially at 
higher temperatures. 

(2) Pbiy/PbCl. + KCl (various amounts and temperatures, in the 
range 560° to 670° C.) 

(3) Cdcy/CdClz + KCl (various amounts, 590° C.) (FIGURE 14) 

(4) Sny/SnCl, + KCl (various amounts, 350° C.) (FIguRE 15) 

(5) Zncy/ZnClk + KCl (various amounts, 490° C.) 

(6) Mg/MgCl, (35 per cent by weight) + KCl (47 per cent) + NaCl 
(18 per cent) (550° C.) 

(7) Aliy/AICl, (70 per cent) + NaCl (30 per cent) (220° C.) 

Nic /NiCls (10 to 20 per cent by weight) + KCl (740° C.) 

(8) Cuc)/CuCl, (10 per cent) + KCl (740° C.) : 

(9) Cerapnitey/Cla (a 1 atmy/NaCl + MgCl (xmect, = 0.35, 700° C.) 

(10) Crispin KEI + PbCl, (xpbel, aS 0.35, 700° C.) 


* The conclusion often arrived at in the case of the metal ion exchange reactions— 
that y » is negligible over a relatively large current density range, although generally 
. sufficient for purposes of application—does not settle the kinetic problem of the 
equilibrium rates that may be attributed to the ionic exchanges on the electrodes 
themselves. These rates must be considered not only finite but, moreover, different 
for various metals under different conditions of 7’ and bath composition, The prob- 
lem can be solved, not by the methods considered here, but by the methods appro- 
priate to ultrarapid processes. The Berzins and Delahay method appears to be espe- 
cially promising from this point of view.*-*° 
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Cd/CdCl, 
T = 590°C. 200 


Figure 14. Experimental results for apparent overvoltages E™?’ as a function of 
the current density for the system Cd/CdCl, + KCl (cell as in FrguRE 7). 


E (mv) 


Sn/SnCl, 
- JT=350°C. 200 


Figure 15. Data similar to those shown in ricurE 14, for the system Sn/SnCl, . 
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The practical vanishing of electrode overvoltages in chloride melts and 
for metal-ion exchanges appears to be a property that is shared at suffi- 
ciently high temperatures by those metals whose overvoltages are very 
small in aqueous solutions at ordinary temperatures and by such metals 
as Ni, which are characterized by high overvoltages. However, the ex- 
periments referred to give clear evidence of anodic passivity phenomena 
occurring with melted electrolytes, as a consequence of the presence or for- 
mation of covering layers on the electrode surface. These layers may con- 
sist of: (1) oxides or oxychlorides formed by spontaneous reaction or by 
anodic process, when the baths are not purified carefully of the last traces 
of water; (2) oxides formed on the metal surface prior to the introduction 
of the metals in the cells; and (3) the chloride of the electrode metal, when 
an oversaturation condition in respect to this salt in a multicomponent 
bath has been attained at the electrode surface. 


E 


105mv. 
aie 


0 1 2 t(min) 
Ficure 16. Passivation oscillatory phenomena at a solid, oxidized Mg anode (@¢: 
MgCl. , x = 0.35; KCl, x = 0.47; NaCl, x = 0.18) at 9 amp./dm.?; 550° C. 


The analogy between these and more well-known phenomena observed 
with aqueous solutions is made clearer by the intervening instability and 
oscillatory conditions. This is true also for melted salts (FIGURE 16). 
The passivity of Mg electrodes disappears upon heating to the melting 
point of Mg. Passivity phenomena in molten electrolytes have been stud- 
ied especially with solid Ni orieeecl immersed in baths suitable to oxidize 

e electrodes in the absence of current. 
a Ni electrodes are plunged into melts of the type NaNOs et KNOs; 
(50 per cent by weight) in the temperature range from the melting point 
to 360° C., spontaneous formation of compact and uniform yellow layers 
of cubic NiO having the normal lattice parameter occurs, as is confirmed 
by electron diffraction. The rate of oxide film formation increases with T 
(at 360° C). Ten or 15 min. are required to give the EV its final value, 
which is stable at 400 to 550 mv. greater than the initial £ V. When cur- 
rent circulates in the cell, gas is evolved at the Ni anode, but it corresponds 
to only a small fraction of the current, the main part corresponding to at- 


tack on the metal. 
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The current efficiency, calculated in terms of formation of divalent nickel, 
is of the order of 80 to 90 per cent. The black layer found adhering to the 
electrode contains active oxygen, as confirmed iodometrically after dissolu- 
tion. Therefore, it corresponds to a formula NiOgs,). The anode attack 


E 


2007 | 
me. 


—— 
200mS 


Ficure 17. Oscillographic recording of the overvoltage at a graphite anode in 
eryolite + 0.02 wt. per cent Al,O; (1050° C.; cell as in rigurE 9). Graphite RE, 
8.85 amp./dm.? , start of the rectangular current pulse; | , end of the pulse. 


E 


200mS 


Fiaure 18. Oscillographic recording of the anode effect (graphite anode in a mixed 
chloride-carbonate bath; 720° C.; 660 amp./dm.?; cell as in FIGURE 9). 


also occurs, however, by dissolution of the nickel in ionic form and is suc- 
cessively precipitated in the bath as black flaky nickel oxide. 

In all of these conditions, the formation of the oxide layers does not in- 
volve complete passivity, and a fairly uniform attack may continue, either 
by ionic migration through the layer formed or because of discontinuities 
in the layer itself. Actually, the initial discharge of oxygen, captured by 
the oxide layer, lowers its equivalent resistance, while the layer itself un- 
dergoes disintegration. At very high current density (> 10,000 amp./m.’), 
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the EV falls, after current interruption, to values lower than those corre- 
sponding to the oxidized electrodes at rest. The surface from which the 
oxide films has been eliminated in this way suffers quick spontaneous re- 
oxidation, in the absence of current. The EV after current interruption 
thus are characterized by the occurrence of minima. By adding NaCl to 
the bath, the current efficiency is increased and at high chloride content 
‘(more than 25 per cent by weight) spontaneous attack accompanied by 
strong gas evolution suddenly begins. In pure chloride baths at 720° Ce 
no appreciable exchange overvoltages are encountered on Ni electrodes in 
the absence of covering layers, as mentioned previously. 


; | 
10v. 
i t : 
— 
25mS 


Figure 19. Same conditions as for riguRE 18 but for a graphite anode in a cryo- 
lite + 4 per cent Al.O; bath (1100° C.); 1200 amp./dm.? 


Examples of overvoltage oscillographic recordings in the cases of gas 
development are given in FIGURES 17 through 19. The last two figures 
show that the oscillations caused by the anodic effect occur when the elec- 
trode surface becomes effectively isolated from the bath by a layer of gase- 
ous products. 


Apprnpix I 


Consider a system’” in which 7 is assumed to be uniform and which 
includes all of the electric changes involved in any way in processes con- 
sidered. Let dr.yF be the change in F = U — TS, when a very small 
number dn~* of moles of a charged (or ionic) chemical species J (electron 
included) is transferred from a region a to another region 8, the volumes 
of both a and B being taken as constant (and surface effects being consid- 


ered as negligible). Then 
dry F/dns* = ns — a5 
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is, by definition, the difference between the values assumed in 6 and a 
respectively. The quantity , (thus defined only as to the relative value), 
is termed the electrochemical potential of J. When the physical conditions 
may be considered as defined in both a and 6 by the values of T' (identical 
in a and 8), and the scalar pressures P* and P®, the following may be stated: 
drpG/dn3* = nf — nf 
When macroscopic electric potentials V* and V® in a and B are assumed to 
be definable (and uniform in the region considered), 
ns — ms = (V® — V*)er% + uf — uo 


z, being the electric valency (in algebraic value) and wy, the chemical 
potential of J. ; 
Choosing a reference condition p for J at the 7 and P existing in a, we 
shall set 
nz — 15 = RT In “G7 


as being, by definition, the electrochemical activity of J in a with refer- 
ence to p. 
By the same assumptions: 


nz — ny = (VS — V")es% + RT In °al 
where *ay is the activity of J in a relative to the reference condition p. 


APPENDIX II 


Equilibrium conditions for voltage measurements by means of a TA for 
a PC M/6/B at the M/m and b/¥ contacts are as follows:! 


M M 
ne =n = —§V™ + pi’ 


b 
n= = —$V*> +47 


Therefore: 
pee 1 = pm _ 1 = nk 
ny ny 
& 


When PC is made a complete chain by soldering to 2 a metallic conductor 
er of identical chemical and physical properties in respect to B, then 
ne = ne (equilibrium condition for the electron exchanges at the inter- 
metallic contact IN/B’). 
ay eV ies WW ys ye pes 
ea en = 


M B Me — me 


Il 
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The measurable voltage is thus identical to that for the incomplete chain, 
but it now signifies the electric potential difference between the temninale 
B’ and B of PC. The identity above tends to deny any contribution of 
the intermetallic contacts in the galvanic chains to the voltage balance of 
the chains. In fact, the term (ug — yuj‘)/ ®, which may be considered 
to represent the chemical contribution of the intermetallic contact to the 
emf of the chain (being expressive of the work involved in the change in 
chemical environment of the electrons), applies in the same manner to 
both the complete and the incomplete chains. The equality of the quanti- 
ties measured by the potentiometer does not signify that the contribution 
(as defined) of the intermetallic contact is negligible. 

The changes in chemical environment encountered by electrons directly 
at the intermetallic contact or intermediately in an open chain are parts 
of the chain reaction, as is the exchange in the ions at the metal/solution 
interfaces. The corresponding chemical work contributions must be taken 
into account together in the energetic balance of the system. 

The above conclusions concern the equilibrium emf (and thus the “‘no- 
bility” of the electrode processes). The intermetallic contacts are non- 
polarizable, in practice, and hence do not contribute to the overvoltages 
or play a decisive role in the kinetic behavior of electrodes. The latter, 
therefore, depends only on the dissipative and storage phenomena at the 
metal/electrolyte interface. 


Apprnprx III 


To clarify the problem, consider’” again the example in which the elec- 
trode reactions at It/@ and at the corresponding (isoelectrodic) RE Nt’/Bp 
and IN” /By are represented by the equation 


zM+ 2M+ 
M ny = Me) 


ci - ‘ M” MI 
From analogous considerations and the assumption that uy = wm or 
ay = ax, the following peel sa 
M’” M"” , M’ ay M”" 
Bee. eee 6 ee ae no _ km — BM oe "M? M+ 1M? m+ 
(= z 
y oS ep (AIIL.1) 
ie =e RT Fee a1 OF 
se Sint as Bre In ( Gig? e+/ dy y+) 


eu zud 
By the partition: 
1M M+ zuBV- “+ MMe + } 1M? M+ ee zubV~ ae Meas 
Equation AIII.1 becomes 
ee ade 4. line us — MM? us 


Zuo 


RT ol 
SN Hr pn Othe ae oar) 
M 


By = V 
(ATIL.2) 
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The first term ¢, = V” — V” gives the liquid junction potential differ- 
ence, in the usual sense.* It also contains a contribution of individual 
ionic activities. In E72) this indeterminateness disappears, however.t 

E75 is expressed in EQUATION AIII.1 by means of thermodynamic quan- 
tities only (as are the electrochemical activities). This result may appear 
irreconcilable with the fact that in PT the irreversible diffusion processes 
are linked inseparably with the charge circulation during the measurement 
of H7 0 as the voltage output of PT when 1*” = 0. The diffusive fluxes 
of matter involve a gradual spontaneous change in time of the chemical 
configuration, and thus of E*”, even when I” = 0, a circumstance that 
makes only the instantaneous values of E”” significant. 

The inertia of TA is in practice negligible compared to the relaxation 
times of the chemical configuration by spontaneous diffusive flow.t A 
difficulty arises, however, out of the possibility of coupling (in the sense 
used in thermodynamics of irreversible processes§) between the diffusive 
and electric fluxes, both depending on generalized vector forces—the 
gradient of the chemical potential of the diffusing molecular species, or 
respectively that of the electrochemical potential of the migrating ionic 
species. It is perhaps worth recalling that this difficulty, too, concerns 
only the possibility of a quasithermodynamic evaluation of E72 , not 
its operative meaning nor the possibility of expressing it in the form of 
EQUATION AIII.1. For the charge circulation in PT, the simultaneous 
occurrence of spontaneous diffusive processes and their eventual contribu- 
tion to the effective driving force involves only changes in the ratio ‘iia wae 
“dew, ‘Thus E¥2) may still be expressed. by use of EQUATION AIIL.1. 


APPENDIX IV: ExPERIMENTS oN MopE.s*"® 


The experiments on electrochemical models, of which ricurEs 11 and 12 
give examples, are effected in PC containing a Pb(NH2SOs3)> , 0.5 M bath 
(of uniform composition) and utilizing Pb electrodes. 

By the practical absence of electrode polarization, the voltages measured 
between a Pb RE (plunged in a capillary glass probe displaced in the bath 
along a horizontal plane) and one or the other of the electrodes of PC, 
during the circulation of continuous current in PC, give the distribution 
of the traces on the explored plane of the equipotential surfaces (that is, 
the surfaces on which the measured voltages are uniform); the orthogonal 


* This one may be calculated by the original Helmholtz equation or by those of 
Nernst, Planck, Henderson, Taylor, and others. 

} This same condition is verified finally in the so-called experimental control of the 
above equations. 

{ Statements to the contrary found in the literature seem to be due to a misinter- 
pretation. 

§ The coupling with directional fluxes is excluded by reasons of symmetry, in the 
fee of the spontaneous homogeneous chemical reactions driven by generalized scalar 

orces. 
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paths to the latter are the current lines, as defined by the geometrical con- 
ditions. 

In the experiments illustrated in r1cuRE 12, the presence of an insulating 
obstacle C (a Plexiglas cylinder) in the bath deforms the current field 
there. The identical distribution is encountered when a thin metallic 
sheet is wound around the insulating cylinder, this sheet being incapable 
of functioning as a bipolar electrode. (In my experiment I used a Ni 
sheet which was practically passive.) When, on the contrary, the metallic 
sheet may work as a bipolar electrode (this is the case when the sheet is 
made of Pb), the current field is disturbed more, and this disturbance is 
by no means a merely geometric one, depending also on the work conditions 
meC. 


SUMMARY 


Some definitions are given, and the general concepts involved in the over- 
voltage measurements in molten salts are summarized. 

The problem of the reference electrodes, in view of the overvoltage meas- 
urements, is discussed. Some practical solutions are presented. Examples 
of measurement results are given and discussed briefly. 
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COMPOSITION OF VAPORS IN EQUILIBRIUM WITH 
SALTS AT HIGH TEMPERATURES 


Joseph Berkowitz and William A. Chupka 


Argonne National Laboratory, Lemont, Til. 


INTRODUCTION 


Of the various methods employed to determine the activity of the com- 
ponents of a molten salt, one of the most direct is the determination of the 
partial pressures composing the vapor in equilibrium with the melt. The 
purpose of this article is to indicate several techniques by which mass 
spectrometric analysis can yield data concerning these activities, as well 
as information regarding the extent of polymer and compound formation 
and the binding energies of the molecular bonds involved. 

The specific experimental details have been described elsewhere;'” the 
following is a cursory representation of the current development of the ap- 
paratus. 

The salt under study is placed in a crucible so chosen as to minimize 
reaction between salt and container (in some experiments a smaller cru- 
cible containing a calibrating material was located concentrically within 
the larger crucible). The cylindrical crucible is heated by radiation from 
2 surrounding filaments, and heat loss minimized by a set of concentric 
shields surrounding the oven assembly. Salt vapor effuses from a 1-mm. 
orifice in the top of the crucible. It is collimated by a slit plate that may 
be manipulated from outside the vacuum system. This arrangement per- 
mits the operator to discern that portion of a particular ion peak attribut- 
able to the salt vapor. The slit plate effectively isolates the oven assem- 
bly from the adjacent ionization chamber when in the closed position and, 
in normal operation, provides a differential pumping factor of about 10 in 
addition to keeping the ionization chamber relatively free of vaporized ma- 
terial. The molecular beam entering the ionization chamber is traversed 
perpendicularly by a controlled electron beam einanating from an oxide- 
coated iridium filament, and the resulting ions are drawn off, focused, and 
accelerated by a series of slit plates. The ionization chamber communi- 
cates with the analyzer only by a narrow beam-defining plate (0.006” slit 
width), permitting another factor of about 30 in differential pumping. 
This entire assembly is shown in FIGURE 1. 

The ion beam is mass-analyzed in a 60°-sector magnetic field. Two de- 
tectors now present themselves to the beam: (1) A wire grid, having 50 
per cent transmission and located in front of the final detector slit; and 
(2) A 12-stage electron multiplier located beyond the final detector slit. 
Both outputs are amplified by vibrating-reed electrometers and simultane- 
ously recorded. This procedure eliminates the correction due to second- 
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ary electron emission, which previously had been based upon an empirical 
correlation. In the present arrangement the relative secondary electron 
efficiency of the various ions can be determined at high intensity when the 
wire grid has sufficient signal and the result employed over the much larger 
operating range provided by the electron multiplier. 

The lone important correction remaining is the determination of the com- 
parative efficiency of ionization. When necessary, this has been estimated 
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WINDOW 


INCHES 


o 


Fieure 1. Arrangement of crucible and ion source for mass spectrometer. 
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from Otvos and Stevenson’s’ table of calculated cross sections. However, 
the activities of components can be determined in at least two ways with- 
out recourse to cross section calculations. 

Employment of Monomer: Dimer Ratios 


When both monomer and dimer exist in a particular salt vapor (and 
‘this seems to occur in an astonishing number of cases’), the following 
analysis applies: 


names pide f [Ge] (1) 
pele ey Puyx, Pure salt 4 Pax Mixed salt 


yes P 
( = ) (Pux) Pure = ( = ) (Pux) mixea 
Pure Mixed 


Pusts Puyzx, (2) 
Activity = (Pux) Mixea mt (Pux/Pupx,) pure 
(Pux) pure (Pux/Pyx,) mixed 
a (Iitx/Isox,)pure Where Iirx is an ion intensity result- 
Activity = ee ie a ing solely from an MX molecule, (3) 


and hence:proportional to Pyx . 


P yx is the partial pressure of molecular species MX; Py,x, is the par- 
tial pressure of molecular species M,X, ; Igrx is the ion intensity resulting 
solely from an MX molecule, and hence is proportional to Pyx ; and 
Iy.x, is the ion intensity resulting solely from an M2X, molecule, and 
hence is proportional to Py,x, . 

As long as the same temperature exists in both instances EQUATION 3 is 
exact and does not depend upon any corrections. 


Employment of a Calibrating Material 


Bismuth metal has a vapor pressure comparable with those of many 
fused salts. If it is present in the crubicle at unit activity, it serves as a 
constant measure of the over-all sensitivity of the apparatus. It also 
provides a convenient comparison substance for the determination of rela- 
tive heats of vaporization or reaction. For the determination of activities 
one need only compare the salt monomer: bismuth ion ratio for mixed salt 
and pure salt at the same temperature. The resulting ratio provides an 
independent measurement of activity. = 

When applicable, the first method intrinsically yields higher accuracy. 
Since the sensitivity of mass spectrometric analysis permits the detection 
of species present in approximately 1 part in 10°, and the vast maj ority of 
substances examined to date appear to have at least that fraction of dimer, 
this method will probably become the more popular one. 

Because of its sensitivity, the mass spectrometer can show the presence 
of a minute quantity. of compound in a mixed salt and hence yield some 
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quantitative measure of the energetics of the interaction between the salts 
involved. 


EXPERIMENTAL RESULTS 


Pure Alkali Halides 


Interest in these salts stems partially from a conflict arising among sev- 
eral groups of workers,’ employing different techniques regarding the 
fraction of polymer forms present in the equilibrium vapor. TABLE 1 is 
reproduced from a previously published article to give some idea of the 
complexity of these vapors as well as the sensitivity of the method. These 


TABLE 1* 
Ion IntensitreEst or ALKALI Hatipe Vapors IN ARBITRARY UNITS 


M+ MXt* M2X+ M3X2* MsX3* 

LiF 410 90.8 793 57.3 0.133 
LiCl 405 486.5 2230 95.4 3.2 
LiBr 988 1000 4540 ~175 5.1 
NaF 2080 54 620 12 0.12 
NaCl 595 351.5 424 3.5 — 
NaBr 375 265 243 3.8 — 
Nal 385 450 240 1.5 — 
KF 1050 1.9 184 13 —_ 
KCl 1110 186 238 0.64 — 
KBr 840 240 187 0.72 —_ 
KI 705 392-5 118 0.285 _— 
RbCl 1170 82.3 15 0.0717 _ 
CsCl 445 5.15 31.8 <0.03 — 


* Reproduced with permission from The Journal of Chemical Physics. 


} Total pressures in all instances are about 10-2 mm. Hg, using 75-ev ionizing 
electron energies. 


ion intensities have been corrected for secondary electron efficiency of all 
major peaks by applying the wire-grid detector. 

By a combination of classic vapor-pressure measurements’ it is often 
possible to determine the average molecular weight of a pure salt vapor, 
as well as its vapor pressure. When only two molecular forms exist, this 
procedure uniquely predicts their ratio. When more than two species are 
present in comparable intensities, such an analysis is inadequate. This 
situation applies particularly to the lithium halides. 


Pure BeF, and FeCl, 


Preliminary experimental results yield a vapor composition above these 
pure salts shown in TABLE 2. r 

It is interesting to note that, whereas the major alkali halide ion peaks 
were deficient in 1 halogen atom, neither BeF, nor FeCl, shows this prop- 
erty (however, BesF, appears to fragment chiefly to Be,F;*). 
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IiF-BeF,. An equimolar mixture has been analyzed in the same tem- 
Pee ure range as pure BeF,. Mass peaks corresponding to the ions Li‘, 
ee Li BeF,*, BeF*, Be:F;*, and LiBeF,* were observed. Their 


TABLE 2 
RELATIVE Ion INTENSITIES OBSERVED ABOVE PURE BeF2 anv FeCl, 


BeF2 FeCle 
Mass 47 (BeF.+): 386 Mass 126 (FeCl;*): 771.5 
94 (Be2F,*) = <i0235 254 (Fe2Cl,*) fh 1 
75 (Be2F3*): il 


TABLE 3 


RELATIVE Ion INTENSITIES OBSERVED ABOVE AN EQUIMOLAR 
Mett or LiF anp BeF, 


Mass 7 (Li*): 61.6 
33 (Li.F*): 2.94 
47 (BeF2*): 917 
94 (Bes): <0.022 
75 (BeoF3*): 1 
54 (LiBeF;*): 20.9 
TABLE 4 


Revative Ion Intensrties OpserveD ABove AN EQuimMoLaR 
ME tT or LiCl anp FeCl. 


Mass 7 (Li*): 104.3 
49 (Li,Cl*): 6.0 
126 (FeCl,*): 181.8 
254 (Fe2Cl,*): ile 
133 (FeLiCl,*): 14.1 


relative intensities at approximately 900° K are shown in TABLE 3. Em- 
ploying EQUATION 3 one obtains the following activities: 


Qiir = 0.0246 


and 
Aper, = 0.443 


In this experiment bismuth metal was also present, and its vapor pressure 
(as evidenced by its ion intensity) served as a measure of the temperature. 
However, some doubt was cast upon the prevailing opinion regarding the 
vapor pressure of bismuth by our observation that the Bispi ratio was an 
order of magnitude larger than reported.” A crude evaluation of the change 


of the equilibrium constant 


(LiF - BeF:) 


K = (ir)(BeFy) 
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with temperature yielded 53 kcal./mole for the binding energy of LiF to 
BeF: at about 900° K. 

InCl-FeCl,.. Examination of the equimolar melt revealed the ion in- 
tensities shown in TABLE 4. Application of EQUATION 3 yields Axio) = 
0.0105 and Apeci, = 0.426. 

The LiCl-FeCl, bond energy, as determined by the variation of the 
equilibrium constant 


_ (LiCl-FeCl) 
~ (LiCl (FeCl) 


with temperature according to the equation 
a lie A 


dT MimoORnT? 
yielded 43 keal./mole at about 750° K. 


DIscussIoN AND CONCLUSIONS 


It has been shown that methods are available for obviating the corrections 
heretofore applied in mass spectrometric analysis of high-temperature 
vapors, particularly when monomeric and dimeric forms coexist and in- 
formation regarding the activity of individual components of a melt is de- 
sired. Improved temperature-measuring devices are required, as well as 
more complete experimental studies over the entire composition range of 
binary melts, before the accuracy of the method is fully evaluated. 

In view of the unusual ionic breakdown patterns encountered among the 
halides, it will be necessary in some instances to determine the ionic frag- 
ments resulting from each molecular species. This can be done by inde- 
pendently varying temperature and pressure, using double-oven techniques. 
With this further information the activities may be determined unambigu- 
ously. 

When sufficient data are available it will be of interest to determine in- 
ternal consistency of activity measurements with the aid of the Gibbs- 
Dubem equation. A comparison with other methods of measurement is 
also desirable and should shortly be forthcoming. 
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SOLUBILITIES OF SALTS IN METALS* 


S. J. Yosim and E. B. Luchsinger 


Atomics International Division, North American Aviation, Inc., Canoga Park, Calif. 


Introduction 


Relatively little work has been carried out on solutions of salts dissolved 
in metals. Solubility studies of such systems have been confined mainly to 
solutions of alkali,”’ alkaline earth,*” and bismuth*” halides dissolved in 
their metals. One purpose of the work described in this paper was to ex- 
tend solubility studies to other systems of halides and their metals in order 
to see if any correlation of the extent of solubility with properties of the 
system could be made. 

It was also of interest to learn whether nonspecificity of solubility exists 
at high temperatures; that is, to determine if solubilities exist between salts 
and foreign metals (for example, NaCl in bismuth) at high temperatures. 
The results of cryoscopic experiments of NaCl, NaBr, ZnCl, , SnCl, , UCI , 
and ThCl, in bismuth® indicated that the solubility of these salts in the 
metal at its freezing point was less than 0.02 mole per cent. However, 
since the solubilities of most salts in their metals at the freezing point of 
the latter are low, these studies were extended to higher temperatures 
where complete miscibility of salts and their metals sometimes occurs.*” 


Experimental 


Material. All materials used in this work were reagent-grade. NaCl, 
PbCl, , AgCl, CuzCl, , and InCl were dried over P2O; in vacuo for 60 hours 
before use, and the remaining salts were fused under a current of HCl gas. 
Bismuth and stannous chloride were purified further by distillation after 
dehydration. The hygroscopic salts were handled at all times in a dry 
box flushed with argon. The metals were purified by maintaining them at 
just above the melting point in vacuo for 10 min. and tapping the container 
gently in order to liberate dissolved gases. The molten metal was then 
filtered under argon through glass wool. 

Apparatus and procedure. It was desirable to measure the solubility at 
equilibration temperature rather than to quench the sample. The solu- 
bility was therefore determined by a visual method. The mixture of salt 
and metal was placed in a heavy-walled quartz tube and sealed under vac- 
uum. The free volume above the mixture was such that the volatilization 
of the salt phase was negligible. The tube was then fastened to a nickel 
rod and suspended in a Marshall furnace equipped with 2 sight windows 
opposite one another. The tube was illuminated from the rear and from a 

* The work reported in this paper was supported in part by the United States 
Atomic Energy Commission, Washington, 1 DIOR 
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third window at one side. A Chromel-Alumel thermocouple fastened to 
the tube was employed for measurement of temperature. The furnace 
was mounted on a metal base provided with a rocking mechanism. In this 
way the entire system could be inverted frequently to insure adequate 
surface contact of the 2 phases. The sample was heated until the salt 
phase disappeared or to a maximum temperature of 1000° C. (1200° C. in 


TABLE 1 
SoLUBILITY OF CHLORIDES IN THEIR METALS 


Salt Metal aa cee soe 
374 2.0 
ee Des 

? p 4 2.9 

BiCl; Bi 462 3.8 
498 633 
597 10.5 
322 0.53 
tr 0.97 
1 eer 
Hg:2Cle Hg 396 2.05 
431 3.07 
477 4,23 
506 6.29 
ee 0.30 
0.52 
PbCl, Pb 916 0.70 
1009 1.02 
CdCl, Cd 1000 * 
ZnCl, Zn 1000 a hee 
SnCl, Sn 1000 <0.08* 
InCl In 1000 <0.08* 
AgCl Ag 1200 <0.3* 
CuzCl, Cu 1200 <0.15* 


* Salt phase persisted. 


the case of AgCl and CusCl). The solution process was found in all cases 
to be reversible with temperature. 


Results and Discussion 


The solubilities of salts in their metals are shown in TABLE 1. Those 
that were determined as a function of temperature are shown in FIGURE 1 
together with the NaCl-Na' and KCI-K’ systems. 

The low solubilities at 1000° C. of PbCl, in Pb (1 per cent) and the low 
maximum solubilities of CdCl, , ZnCl; , InCl, AgCl, and Cu,Cl. in their 
metals are in marked contrast to the very high solubilities of the alkali 
halides, BaCl, and BiCl,; in their metals and the appreciable solubility of 
Hg»Cl, in mercury. There appears to be no single criterion for predicting 
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even qualitatively the solubility of salts in their metals. That is, no gen- 
eralization comes to mind that explains why BiCl; , Hg.Cl,, BaCh , and 
the alkali halides are so soluble in their metals while the rest of the systems 
discussed above are so very much less soluble. Three possible generaliza- 
tions that were discarded because of the exceptions found during the course 
of this work. They are: 

(1) Salts that possess a stable +1 oxidation state should be quite solu- 
ble. Some exceptions are AgCl, CueCl. and, most important, InCl, since 
it has such a low melting point (225° C.). 


10.0 eres 560°C.__ 35°C. 
5 Cia 

Me BiCls-Bi 

6.0 


4.0 


2.0 


1.0 
0.8 


0.6 


MOLE % SALT 


0.4 


0.2 


1 1 =f: 1 

e: 08 410 1.2 1.4 
| 3 
Te * 10 


Fraure 1. Solubilities of chlorides in their metals. 


(2) Metals with low melting points should dissolve their salts. Some 
exceptions are Sn (232° C.), In (157° C.), and Cd (303° C.). $4 

(3) Systems in which salts dissolve their metals will exhibit solubilities 
of salts in their metals. An exception is the Cd-CdCl, system in which 
Cd is soluble in CdCl, to the extent of 12.5 mole per cent at 530° C.,° but 
in which the solubility of CdCl, in Cd is less than 0.05 per cent at 1000° C. 

It thus appears that solubility is complex, presumably involving a num- 


ber of factors. 
The solubilities of foreign salts in metals are shown in TaBLy 2. The 
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solubilities of salts in bismuth measured as a function of temperature are 
shown in FIGURE 2, where they are compared with the solubility of BiCl; in 
Bi. It may be seen that the solubilities of foreign salts in Bi are consider- 
ably less than that of BiCl; in Bi, and that in no case does the solubility 
in a metal exceed that of its own salt. However, the converse is not true; 
that is, a salt can dissolve to a higher degree in a foreign metal than in its 
own metal (for example, solubility of PbCl, and CdCl, in Bi versus the 
lower solubilities of these salts in their own metals). 


TABLE 2 
SOLUBILITY OF FoREIGN SALTs IN METALS 


Metal Salt Be a ake ee 
622 0.39 
756 0.98 
Bi PbCl, 824 1.47 
907 1.81 
942 1.94 
805 0.42 
Bi CdCl, 862 0.60 
944 0.90 
620 0.40 
Bi SnCl, 676 0.50 
822 0.89 
: 784 0.08 
Bi ZnCl, 848 0.13 
936 0.20 
Bi NaCl 1000 <0.02* 
Pb ZnCl, 770 0.07 
Pb SnCl, 636 0.04 
Sn PbCl, 1000 <0.10* 
Sn ZnCl» 1000 <0.07* 
Zn PbCl, 1000 <0.05* 


* Salt phase persisted. 


It has thus been shown that at these elevated temperatures, at least in 
the cases of bismuth and lead, metals dissolve salts other than their own 
halides. 

One possible mechanism of solution of a foreign salt in a metal is an oxi- 
dation-reduction reaction of the metal with the foreign salt to produce a 
soluble salt of the metal. If this is true, then, for a given metal, the less 
stable the foreign salt, the greater would be the solubility of that salt in the 
metal. This is found to be the case, at least for bismuth. TABLE 3 shows 
the solubility of salts in bismuth at 900° C. and the stabilities* of the molten 

* The free energy of formation of solid BiCl; is in error due to the incorrect heat 


of fusion of BiCl;.!° Therefore, the value given by Darnell and Yosim!® for solid 


els has been used, and the AF ‘orm of liquid BiCl; has been obtained with these 
values. 
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salts with respect to their elements at this temperature. It may be seen 
that, as the salt becomes more stable, the solubility of the salt in Bi de- 
creases. Therefore, from these experiments one might conclude that the 
less stable the foreign salt the greater will be the solubility of that salt in 
a metal until the solubility approaches that of the salt of the metal. How- 
ever, in the case of solution of foreign salts in the nobler metals such as 
- bismuth, the standard free energy of reaction of Bi and the salt to form 
10.0 CAG: 560°C. 351°C. 
8.0 


6.0 


40 
2.0 


1.0 
0.8 


0.6 


% SALT 


MOLE 


04 


0.2 


0.1 
0.08 
0.06 


08 1.0 1.2 1.4 1.6 1.8 
l_y 103 


TK 
Figure 2. Solubilities of chlorides in bismuth. 


TABLE 3 
SOLUBILITY OF SALTS IN BismutTH AT 900° C. 


Ss 


Solubility ee 
ag (mole %) of soln Seat 
i Completely miscible —10.9 
PoC 1.80 =23.7 
SnCl, Led, — 24.0 
CdCl, 0.75 —27.7 
ZnCl. 0.19 —31.4 


NaCl <0.01 —72.5 
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BiCl; and the reduced metal can be quite positive. For example, the 
standard free energy for the reaction 3PbCl, + 2Bi — 2BiCl; + 3Pb at 
1000° K. (the standard states being the pure liquids) is +12.3 keal. per 
gram atom of Cl. Consequently, it is of interest to see if such a mecha- 
nism can account for the observed solubility. For purposes of illustration, 
the PbCl:-Bi case will be discussed. Here three equilibrium reactions are 
involved: 


2Bi(m) + 3PbCh(s) = 2BiCl;(m) + 3Pb(m) (1) 
BiCl;(m) = BiCl;(s) (2) 
BiCl;(m) = BiCl3(g) (3) 


where m, s, and g refer to the metal, salt, and gas phases, respectively. If 
the activity of PbCl, can be considered to be unity, the equilibrium con- 
stant, K,,* for REACTION 1 is 


K, = 0.44 N Pools ¥BiClg(m)YPb(m) (4) 


where N}yc1, is the apparent solubility of PbCl, and y is the activity co- 
efficient, the standard state being the pure liquid. 

Values of ypici,(m) Were obtained from EQUATION 4 by substituting values 
of Nvyci, and K; , which can be obtained from tables of free energy of for- 
mation data" and from the corrected thermodynamic values of BiCl; .2° 
The activity coefficients of lead in bismuth at the desired temperatures 
were calculated from existing data.’ Activity coefficients obtained in this 
manner for BiCl; formed from reaction of PbCl, , CdCl, , and SnCl, with 


* A more rigorous derivation leads to the following expression for K; : 


2 3 0 
YBiCla(m)YPb(m) Prica 
0.44 NPLo — ( =e rere Vrmicu ) 


YPbCla(s) 
Ky = 0 0 3 
Pxicis N pvc YBicis(m) 
—— V-rsicts(m) — 0.67 —————*™ 
bRT YBiCls(s) 


where Pein, is the vapor pressure of De BiCl; , V is the free volume above the 


liquid, 7’ has its usual significance, and b is the number of moles of Bi. To illustrate 


the magnitude of the terms in the above equation, the values for the case where the 
solubility of PbCl. in Bi at 756° C. was 0.98 mole per cent are substituted. (Phici, = 
32.3 atm., V = 0.30 ec., b = 0.0479 moles and 7’ = 1029° K.) The activity coefficients 
of PbCl.(s) and BiCl;(s) are assumed to be unity, although in the BiCl;-PbCl, system 
there is a compound that melts incongruently at 320° C.1! The value of K; is then 
es 0.44 N8yc.(1 + 0.00245 "YBiCIs(m)) YBiCla(my'Ybb(m) 
[1 + 0.00180 yiciscm] 


If ypici,(m) is less than 100, the ratio 


(1 + 0.00245 -ypicigcm)) 
(1 + 0.00180 ypiciycm) 


is essentially unity, and EQUATION 4 is obtained. 
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Bi are given in the fifth column of TaBLE 4 (the same treatment was not 
applied to the ZnCl,-Bi system since both the Zn-Bi“ and the ZnCl-BiCl," 
systems have miscibility gaps). 

The very small values for yxici,(m) Would indicate that considerable nega- 
tive deviation from Raoult’s law. exists between BiCl; and Bi in the metal 
phase. This-is contrary to what might be expected in a binary system 
with a miscibility gap. 

An alternate oxidation-reduction reaction that may be considered as a 
possible mechanism of solution in Bi of the salts discussed above is the for- 


TABLE 4 
CaLcuLATED Activity CoEFFICIENTS oF BiCl; anp BiCl 


Bi-PbClz System 


Temp. (°C.) N edn K YPb(m) YBiC1g(m) YBiC 1m) 
‘622 0.0039 10718 -34 0.46 3.0 5 10-3 Pint 
756 0.0098 10716-12 0.53 3.0-< 1058 Ae) 
824 0.0147 10715 -20 0.55 Den LORS ial 
907 0.0181 1907-14-20 0.56 ool Sere Ar. 
942 0.0194 LO; 42:84 0.57 8.1 X 10-3 eg 

Bi-CdCle System 

Temp. (°C.) N CaCly K Yod(m) YBiC1;(m) YBiCLm) 
805 0.0042 10-20-30 0.584 Zale 10n- 1.02 
862 0.0060 1019-37 0.644 22) <0 0.80 
944 0.0095 10-18-12 0.672 2.9 X 10-4 0.63 

Bi-SnCle System 

Temp. (°C.) NsnCle K Ygn(m) YBiC1,(m) YBiC1m) 
628 0.0040 10718-25 1.07 1.0 X 107 en 
676 0.0050 10-17-45 1.18 Lear lOr’ 1.6 
822 0.0089 pees 1.16 3.0) <el Ons 1.5 


mation of. BiCl, which is, in turn, soluble in bismuth. Illustrating again 
with PbCl, , and writing the reaction with the same number of chlorines 
aS REACTION 1, we have 


3PbClh(s) + 6Bi@m) = 6BiCl(m) + 3Pb(m) (5) 
If again the activity of PbCl is assumed to be unity, then 
K = 64 Necig¥ bicitmyVeb¢m) - (6) 


The value of K for REAcTION 5 is not known, since the stability of molten 
BiCl is not known. However, it has been shown that the free energy of 
formation, per gram atom of chlorine, of solid BiCl is essentially equal 
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to that of solid BiCl;.”” Therefore, it is assumed for these calculations 
that the stabilities of liquid BiCl and BiCl; are equal, and that therefore, 
for a given temperature, the Ks of EQuATIONS 6 and 4 are equal. 

Activity coefficients for BiCl formed from PbCl. and CdCl: are given in 
the sixth column of TaBLE 4. In this case the activity coefficients are 
much greater than those obtained when BiCl; was considered. While 
Yzicl(m) 1S still not as large as one would expect, in view of the many assump- 
tions made this mechanism seems a more feasible one. 

Thus, at least in the case of bismuth, it has been shown that the apparent 
nonspecificity of solution can be explained in terms of an oxidation-reduc- 
tion reaction resulting in the formation of a salt of the metal that dissolves 
in the metal. Therefore, it appears that specificity is one principle that 
must be satisfied by any theory explaining the behavior of these systems. 


Summary 


A series of experiments to determine the solubilities of metal chlorides in 
their metals was carried out, using a visual technique. The systems studied 
were: Bi, Hg, Pb, Cd, Zn, Sn, In, Ag, and Cu, with their chlorides. The 
results show that BiCl; and Hg2Cl, are most soluble, the former being com- 
pletely miscible with Bi at 778° C., while the latter is soluble to the extent 
of 7 mole per cent at 600°C. PbCl: is slightly soluble (1 mole per cent at 
1000° C.), while the remaining salts are considered insoluble in their metals. 
There appears to be no single criterion for predicting the solubility of salts 
in their metals. 

Experiments were also carried out to see if nonspecificity of solubility 
exists at high temperatures, that is, to determine if metals dissolve salts 
other than their own halides. It was found that solubility does occur. 
It was also found that the less stable the salt, the greater is the solubility 
of the salt in a given metal, until the solubility approaches that of the salt 
of the metal. Thermodynamic calculations indicate that the solubility of 
a foreign salt in a metal can be explained in terms of oxidation-reduction 
reactions to form the halide of the metal, which in turn dissolves in the metal. 
These calculations suggest that BiCl; dissolves in bismuth metal as BiCl. 
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ELECTROLYSIS OF LIQUID BISMUTH-BISMUTH 
CHLORIDE MIXTURES* 


Daniel Cubicciotti 
Stanford Research Institute, Menlo Park, Calif. 


Norman L. Lofgren 
Chico State College, Chico, Calif. 


Introduction 


The properties of bismuth in molten bismuth chloride have been studied 
more extensively than other liquid metal-salt systems, probably because 
of the relative ease in handling these materials. The general nature of the 
phase diagram has been known for some time.’ <A recent version of the 
phase diagram given by Yosim et al.’ is shown in FIGURE 1. The high 
solubility of metal in the salt phase has stimulated the curiosity of in- 
vestigators concerning the nature of such solutions and the species that 
constitute them. Measurements have been made of electrical conduc- 
tivity,’ viscosity,’ density,’"® and activity of BiCl, .°"” 

Graphs of the electric conductivity determined by Aten’ are shown in 
FIGURE 2. Although specific conductance as a function of composition 
shows pronounced maxima at the higher temperatures, the maxima barely 
appear in the molar conductance curves (molar conductance is defined as 
the product of the specific conductance and the volume of a mole of mix- 
ture). A transformation of the data into the conductance of that amount 
of solution containing 1 mole of bismuth chloride is given in FIGURE 2c. 
This conductance, which is equal to the molar conductance divided by the 
mole fraction BiCl; in the solution, remains almost constant with compo- 
sition. As the bismuth concentration increases there is an increase of this 
conductance to a maximum and then a decrease at all temperatures except 
the lowest. This behavior may indicate that the addition of bismuth to 
bismuth chloride produces additional conducting species, but the concurrent 
increase in viscosity acts to reduce the conductance, thus producing the 
maximum. If this is the case, then the additional conducting species is 
more readily produced at higher temperatures since the maximum is greater 
at higher temperatures, while the viscosity increase with composition is 
approximately the same at all temperatures (see FIGURE 2d de 

The activity of the bismuth chloride in the solutions, both from vapor 
pressures and from freezing-point lowerings, has been used to postulate the 
species present. Unfortunately, more than one set of species can be postu- 
lated from the same data because of the spread in the experimental points 
(particularly in the vapor pressures). We believe that the activity data 
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are in accord with the postulate of a solution of monatomically dispersed 
bismuth dissolved in the salt and the positive deviations of the activity of 
BiCl; arising primarily from a heat of solution. Corbett! has suggested 
that species such as Bi,Cl, should be postulated, particularly BuCl, (but 
he interpreted the freezing point data with an incorrect heat of fusion for 
bismuth chloride). Topol and Mayer" have indicated that the cryoscopic 
number of particles formed per bismuth atom dissolved (equal to 0.75) is 
800 
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Figure 1. Bismuth-bismuth chloride diagram as reported by Yosim e¢ al.} 


in accord with the formation of Bi,Cl, , Bi plus Bi , or Bi with deviations 
from ideal solution behavior. 

As we believed that some insight concerning the nature of the solution 
might be obtained from electrolytic measurements, we undertook the pres- 
ent study., Our hope was to determine the current-carrying species in the 
salt, and, possibly, to detect some electronic conduction. 


Method 


Principle. Measurements were designed to determine the ratio of elec- 
tric current passed to the mass current of bismuth through the salt phase 
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of a cell in which the only chemical process was the transfer of bismuth 
from anode to cathode. TABLE 1 is a schematic representation of the 
processes that might be expected to occur in such a cell. As the cell was 
designed with 2 bismuth electrodes, there was no net transport of chloride 
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TABLE 1 
ScHeMATIC REPRESENTATION OF ELECTROLYSIS 


Bi (Saturated with salt) BiCls (Saturated with metal) Bi (Saturated with salt) 
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ion, and the only current carriers were the various possible bismuth species 
and/or electrons. It was expected that the ratio (R) of electric current 
to bismuth current would be greater than 3 if appreciable electronic con- 
duction occurred, and less than 3 if lower-valent bismuth species carried 


the current. 
A : we — = 
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Ficure 3. Schematic diagram of electrolysis cell. 


Apparatus. The cell used for the purpose is shown schematically in 
FicureE 3. As the electrolysis progressed, the amount of bismuth in each 
U-tube electrode could be determined by measuring, with a traveling tele- 
scope, the height of the liquid bismuth relative to a fiducial mark. The 
amount of current passed was determined by measuring the area under the 
curve of a recording coulometer that was calibrated with an aqueous silver 
coulometer. The source of direct current was a full-wave AC rectifier 


equipped with a choke to reduce ripple. 
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The furnace was constructed of ‘‘clamshell’’ heaters fixed around a 
vertical Pyrex tube with a three-quarter-inch slit for sighting. 'Tempera- 
ture was controlled with a Chromel-Alumel thermocouple and potentiome- 
ter controller. 

Materials. Reagent-grade BiCl; was dehydrated in a stream of HCl 
and distilled in a stream of dry Ne into tubes that were then sealed until 
used. LiCl-KCl eutectic was prepared by weighing “dry” salts in the 
ratio 9.0 to 11.0 into a Pyrex tube, heating them in a stream of dry Nz, 
and keeping them at 400° C. for 1 hour with N; bubbling through them. 
The melt was drawn up into predried, calibrated pipettes that were subse- 
quently sealed until used. Reagent-grade lump bismuth metal was fil- 
tered through Pyrex fritted disks and cast into long glass tubes under an 
No» atmosphere. 

Operation. The tubes of the cell were all closed with ground joints out- 
side the furnace. Nz inlets and outlets were provided in the caps. The 
electric leads were Fe wires sealed through the proper caps. The cell was 
heated to operating temperature and cooled under a stream of dry Ne. 
The proper amount of Bi was then introduced into the 2 legs under a stream 
of N2. A measured length of BiCl;-filled glass tube was broken off and 
dropped into the cell. A special flexible plastic container was devised so 
that the BiCl; was always in a stream of dry N.. With a rapid flow of 
N> through the cell, a pipette of LiCl-KCl was lowered into it. After the 
salt had melted it was blown out of the pipette, and a stream of Ns bub- 
bling through the salt phase stirred the melt and mixed it with a droplet of 
Bi to saturate the salt before the electrolysis began. 

A current of about 250 mAmp. was impressed on the cell, and the heights 
of the Bi in the 2 legs were measured relative to the fiducial mark about 
every 20 min. Each electrolysis lasted about 2 hours and resulted in 
changes of about 0.5 cm. in the heights of the Bi columns. The electrode- 
salt interface showed a tendency to stick at the position maintained dur- 
ing electrolysis. To obtain a reproducible position for the Bi-salt inter- 
faces, they were maintained elevated during electrolysis by a slight N; 
pressure on the electrodes, and then allowed to drop, by releasing that 
pressure, for measurement. 

Upon the completion of an electrolysis either the composition of the salt 
melt was altered by the addition of BiCl; or LiCl-KC] or the temperature 
of the cell was altered, and another electrolysis was performed. Usually 
3 or 4 runs were made before the cell was dismantled and reassembled for a 
new series. 

To see if the electrode reactions were current-dependent, an electrolysis 
at 330° C. was run at 20 mAmp. instead of the usual 240 mAmp. The 
results agreed with a 240-mAmp. electrolysis; therefore, it was assumed 
that in this study the character of the electrode reactions did not change 
with current density. 
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Calculation. To analyze the results, the heights of bismuth in the 2 
electrodes were plotted as a function of time. Straight lines were drawn 
through the points for each electrode, and the mass current of bismuth 
was calculated from the average of the 2 slopes, the diameters of the bis- 
muth columns, and the densities® of metal and salt phases. The electric 
_ current was essentially constant during each run. The R of the electric 
current to bismuth current was then calculated. 

Figure 4 shows an example of the data. It was observed that the heights 
of both electrode columns increased slowly during the time before and af- 
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Figure 4. Type of data obtained in electrolysis (370° C.). 


ter electrolysis. During electrolysis the increase continued at the same 
rate; the cathode increase was greater than the anode decrease by the 
amount expected for a constant rate. In our opinion, the increase in the 
amount of electrode material was due to the dissolution and slow diffusion 
of BiCl; in the bismuth. In substantiation of this opinion, it was noted 
after long periods of operation that the Fe electrodes were corroded, and 
that a saltlike substance appeared on the open surface of the bismuth. 


Results and Discussion 


Electrolysis of Bi-BiCl; mixtures. Electrolysis of a series of Bi-BiCl; mix- 
tures in equilibrium with bismuth was performed over the temperature 
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range 330° to 425° C. The results obtained are shown in FIGURE 5, where 
R is plotted against temperature. The points are experimental values and 
range from 1.5 to 2.0. Our first reaction was that this was evidence for 
univalent bismuth (in order to obtain transport ratios under 2.0, it seemed 
necessary that there be some univalent bismuth in the melt). 

However, when the average oxidation numbers of bismuth were calcu- 
lated from the compositions of the salt, melts in the 2-phase liquid region,’ 
they gave the shaded line shown in FIGURE 5. Thus, the oxidation num- 
bers calculated from equilibrium compositions were essentially the same 
as the ratios of number of electrons to the number of bismuth atoms trans- 
ferred through the salt by electrolysis. As the coincidence of the results 
seemed more than fortuitous, we sought an explanation. 
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_Figure 5. Ratio (R) of electric current to bismuth current in the electrolysis of 
Bi-BiCl; mixtures at several temperatures. Symbols: dotted circles are values of R: 
aa Meer average oxidation numbers for Bi in equilibrium mixtures (data from 

osim et al.1). 


Electrode processes. Detailed consideration of the processes occurring at 
the electrodes led us to the following explanation of the coincidence. In 
fact, we were forced to conclude that, in the absence of electronic conduc- 
tion, the two should have been predicted to be equal, and thus no informa- 
tion concerning the species in the melt could have been forthcoming. 

Figure 6 gives a schematic representation of the electrode processes. 
The interface between the metal and the salt phase in the absence of elec- 
trolytic current is shown in the first panel. The metal phase consists of 
bismuth ions in some geometrical array and a complement of metallic 
electrons that may be considered mobile (plus an equilibrium concentra- 
tion of chloride ions). The salt phase consists of an array of chloride 
ions, probably in contact with each other, with the normal Bi‘ ions and 
dissolved bismuth probably quite regularly arranged in the interstices 
among the chlorides. 
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The electrode process at the cathode may be visualized (second panel of 
FIGURE 6) as an extension of the electron cloud of the metal phase to en- 
compass a nearby Bi*® and a simultaneous repulsion of the associated 
chlorides. As a result, the local volume of salt becomes supersaturated 
with dissolved bismuth, and some of it is transferred into the metal phase 
to re-establish equilibrium. In this process the ratio of dissolved Bi to 
Bi** that is transferred from the salt to the metal is exactly the equilibrium 
ratio of the two in the salt phase. 

At the anode (see FIGURE 6c) the reverse process occurs. Passage of 
current causes the metallic electron cloud to retreat and leave a Bi‘, 
which becomes enveloped in advancing chloride ions. As a local volume 
of salt that is undersaturated with dissolved bismuth is formed, some bis- 
muth dissolves; again, the equilibrium ratio of Bi to Bi*® is transferred 
from metal to salt. 

The net result of the 2-electrode processes is the transport of Bi and Bi*® 
in the ratio determined by the equilibrium salt composition. Thus, the 
ratio of electric current to bismuth current observed in electrolysis is pre- 
dictable from the composition of the salt phase. A comparable analysis 
of the electrolysis can be made for any proposed set of bismuth species in 
the salt. Such an analysis depends on rapid attainment of the solution 
equilibrium between the metal and salt relative to the ionic transport 
through the salt. 

Electrolysis of Bi-BiCls-LiCl-KCl mixtures. The addition of other chlo- 
rides reduces the solubility” of bismuth in bismuth chloride. It is thus 
possible to obtain salt phases with different concentrations of dissolved 
bismuth in contact with bismuth metal. We chose to add LiCl-KC] eutec- 
tic because of its low melting point. The results of electrolysis with LiCl- 
KCl added to BiCl; are shown in FIGURE 7, in which R is plotted against the 
composition of salt not including dissolved bismuth. 

R was essentially constant from 0 to 0.2 in mole fractions of added 
LiCl-KCl. The ratio of dissolved bismuth to bismuth chloride in the salt 
was essentially constant in that range, as determined by the analyses 
shown in FIGURE 7; that is, both concentrations decreased proportionately. 
Thus, in that range, the average oxidation number of bismuth was again 
essentially equal to R. 

Beyond 0.2, R increased until it reached the value 3 at about 0.6 in LiCl- 
KCI mole fraction and remained at 3 for greater mole fractions. It may 
be thus inferred that the concentration of dissolved bismuth was much 
smaller than that of bismuth chloride in melts greater than about 0.6 in 
LiCl-KCl mole fraction, because only plus-3 bismuth was transported. 
This result is in accord with measurements of the solubility of bismuth in 
the BiCl;-NaCl system.” 

Laitinen et al."* have found that in the polarographic reduction of dilute 
BiCl; (mole fraction ~10~*) in LiCl-KCI there is a single polarographic 
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wave the concentration dependence of which indicates an oxidation num- 
ber change of 3. 

Density and composition measurements of Bi-BiCl;-LiCl-KCl. Deter- 
minations were made of the concentration of bismuth dissolved in various 
compositions of BiCl;-LiCl-KCl equilibrated with bismuth so that the 
average oxidation number could be calculated. At the same time density 
_ Measurements were made for use in the calculations. The method was 
very simple. A melt of the desired BiCl;-LiCl-KCl composition was pre- 
pared and equilibrated with bismuth. A J-shaped calibrated pipette, its 
short leg made of small-bore tubing, was filled with melt by submerging 
the short leg. The weight and volume of the sample gave the density. 
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Fiaure 7. Variation of R with LiCl-KCl added to BiCl; at 370°C. Symbols: 
fine lines represent experimental values of R; circles are average oxidation numbers 
by chemical analysis; square is the value from the phase diagram of Yosim ¢/ al. 


Determination of the reducing power of the sample to ferric chloride solu- 
tion and subsequent titration with ceric sulfate solution established the 
bismuth content. 

In these measurements we observed that a solid, which floated on the 
melt, was formed from compositions greater than about 0.3 in LiCl-KCl 
mole fraction. This phenomenon made composition and density measure- 
ments beyond 0.3 untrustworthy, and meant that the compositions of the 
melts were indefinite beyond 0.3. Therefore, no oxidation numbers de- 
rived from:compositions are given beyond 0.3 in FIGURE 7. The Rs from 
electrolysis are acceptable, even though the compositions of the melts were 

1] known. 
Ee densities observed in the range 0 to 0.3 in LiCl-KCl mole fraction 
were linear with the salt composition and coincided with the line drawn 


1098 Annals New York Academy of Sciences 


between the density of saturated Bi-BiCl; and pure LiCl-KCl eutectic. 
The determinations of concentration of bismuth that were reliable are 
plotted in FIGURE 7. 


Summary 


Electrolytic experiments were performed on bismuth-bismuth chloride 
melts, saturated with metal, between liquid bismuth electrodes. The R 
of the quantity of electric current passed to the quantity of bismuth trans- 
ported through the melt during electrolysis was determined. This R was 
found to be the same as the average oxidation number for bismuth in the 
salt phase as calculated from the composition. A consideration of the 
electrode processes led to an explanation of the equality between the cur- 
rent R and the average oxidation number. 
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